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An I n v e s t ig a t io n  h a s  been made o£ h y d ra u l ic  im pedance in  
o c c lu s iv e  a r t e r i a l  d is e a s e  in  v iv o  and in  a  la b o ra to r y  m odel, P re s su re  
and f lo w  a re  in s e p a ra b le  v a r ia b le s  o f  th e  a r t e r i a l  n e tw o rk . S ince  
h y d r a u l ic  im pedance com bines th e se  v a r i a b le s  and i s  a  p a ra m e te r  o f  th e
a r t e r i e s  th em se lv es  i t  was th o u g h t t h a t  m easurem ent o f  h y d r a u l ic  im pedance
m ig h t be used  to  d e s c r ib e  th e  e x te n t  o f  d is e a s e  and th e  a b i l i t y  o f  a '
d is e a s e d  a r t e r y ,  o r  i t s  re p la c e m e n t, to  conduct th e  p u l s a t i l e  f lo w
r e q u i r e d .  M easurem ents on dogs w ith  s im u la te d  o c c lu s iv e  d is e a s e  gave 
s u p p o r t to  t h i s  id e a .
In  o rd e r  to  s tu d y  each o f  th e  r e l e v a n t  p a ra m e te rs  in d e p e n d e n tly  a 
ru b b e r  tu b e  model o f  th e  s u p e r f i c i a l  fem o ra l a r t e r y  was d e v e lo p e d . The 
d is e a s e d  c o n d it io n  was s im u la te d  by r i g i d  o b s t r u c t io n s  o f  known 
d im e n s io n s . P u l s a t i l e  f lo w  o f  s in u s o id a l  form  was p roduced  by a  p i s to n  
assem bly . The e f f e c t  o f  th e  d eg ree  o f  o b s t r u c t io n  on h y d ra u l ic  im pedance 
and o th e r  in d ic e s  o f  p r e s s u r e  and flo w  was d e te rm in ed  u s in g  f l u i d s  o f  
d i f f e r e n t  v i s c o s i t i e s .  I t  was confirm ed  th a t  im pedance was d ep en d en t 
on b o th  th e  r a d i a l  and a x i a l  d im ensions o f  a c o n s t r i c t io n  s im u la tin g  
a r t e r i a l  d i s e a s e .  Comparison w ith  o th e r  in d ic e s  showed im pedance to  be a  ' 
s e n s i t i v e  in d e x  o f  o b s t r u c t io n .
H y d ra u lic  im pedance was in v e s t ig a te d  in  p a t i e n t s  u n d erg o in g  
. r e c o n s t r u c t iv e  a r t e r i a l  su rg e ry  o f  th e  l e g .  The im pedance m easured  in  
th e  common fem o ra l a r t e r y  o f  s u b je c t s  w ith  o c c lu s iv e  a r t e r i a l  d i s e a s e  was 
s i g n i f i c a n t l y  h ig h e r  th a n  n o rm al. R e c o n s tru c tiv e  s u rg e ry  low ered  th e  
im pedance. Though th e re  was a  s i g n i f i c a n t  d i f f e r e n c e  in  th e  im pedance 
m easured b e fo re  r e c o n s t r u c t io n  betw een p a t i e n t s  who had a  s u c c e s s f u l  
o p e ra t io n  and th o se  who d id  n o t ,  i t  was n o t  p o s s ib le  to  a c c u r a te ly  p r e d i c t  
th e  outcome o f  an o p e r a t io n .  The f a c t o r  d e te rm in in g  th e  su c c e s s  o f  a 
r e c o n s t r u c t iv e  p ro c e d u re  in  th e  le g  may be th e  s t a t e  o f  th e  c o l l a t e r a l  
c i r c u l a t i o n .
To
S tep h a n ie  
and F e l i c i t y  C la i r e
UX-Uixcrix iexiitJ.uuxuL)_y emu ±_yptr^ u x  m  i c r x f l x  y i b e d b c
A r t e r i o s c l e r o s i s  d e s c r i b e s  a  group  o f  d i s e a s e s  i n v o lv i n g  v a r i o u s  
p r o l i f e r a t i v e  and d e g e n e r a t i v e  c h a n g es  i n  a r t e r i e s ,  r e s u l t i n g  in  
t h i c k e n i n g  o f  th e  w a l l s ,  l o s s  o f  e l a s t i c i t y ,  and i n  some i n s t a n c e s ,  
c a lc iu m  d e p o s i t i o n .
A t h e r o s c l e r o s i s  o r  a th e r o m a to u s  a r t e r i o s c l e r o s i s  i s  a fo rm  o f  
a r t e r i o s c l e r o s i s  i n  which th e  p r im a ry  l e s i o n  i s  i n f i l t r a t i o n  o f  t h e  
i n t i m a  and i n n e r  m edia o f  l a r g e  and medium s i z e d  a r t e r i e s  by l i p i d s  w i th  
c o n s e q u e n t  r e d u c t i o n  i n  th e  v e s s e l ’ s lum en. T h is  fo rm  i s  t h e  m ost  
common and m ost o f  t h e  symptoms o f  a r t e r i o s c l e r o s i s  a r e  t h e  r e s u l t  o f  
t h i s  form  o f  th e  d i s e a s e .  W hile i t  i s  u s u a l  f o r  a t h e r o s c l e r o s i s  to  be 
a s s o c i a t e d  w ith  g e n e r a l i s e d  t h i c k e n i n g  o f  th e  a r t e r i a l  w a l l  and l o s s  o f  
e l a s t i c i t y ,  i s o l a t e d  a th e ro m a to u s  l e s i o n s  may som etim es be found  i n  
v e s s e l s  i n  which no o t h e r  ch an g es  a r e  s e e n .
O c c lu s iv e  a r t e r i a l  d i s e a s e  i s  u se d  to  d e s c r i b e  any form  o f  a r t e r i o s c l e r o s i s  
which r e d u c e s  t h e  lumen o f  th e  a r t e r y .  In  t h e  l a b o r a t o r y  i n v e s t i g a t i o n s  
r e p o r t e d  h e r e ,  a t t e n t i o n  h a s  been  fo c u s e d  on t h i s  c o n seq u e n c e  o f  
a r t e r i o s c l e r o s i s .  S in ce  o c c l u s i v e  d i s e a s e  i s  u s u a l l y  accom pan ied  by c h a n g e s  
i n  th e  a r t e r i a l  w a l l  i t  was n o t  p o s s i b l e  to  a s s e s s  t h i s ,  p r o p e r t y  s e p a r a t e l y  
i n  th e  c l i n i c a l  i n v e s t i g a t i o n s .  The s e v e r i t y  o f  o c c l u s i o n  i n  r e l a t i o n  
to  w a l l  c o n d i t i o n  v a r i e s . '  An a t t e m p t  to  r e l a t e  t h e  c l i n i c a l  r e s u l t s  to  
t h e  d i s e a s e  ty p e  i s  p r e s e n t e d  i n  A ppendix  ( l l ) .
The s tu d ie s  r e p o r te d  in  t h i s  t h e s i s  were commenced w h ile  I  was 
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a r t e r y  o f  a greyhound.
35* The norm al im pedance in  th e  fem o ra l a r t e r y  o f  th re e  d o g s .
36 . The mean v a lu e  o f  im pedance in  th e  fem o ra l a r t e r y  o f  th e  d o g s .
37* The norm al im pedance in  th e  d i s t a l  fem o ra l a r t e r y  o f  two d o g s .
38. Photograph o f  a b lo c k  s te n o s i s  in  p la c e .
39* Photograph o f  an o r i f i c e  s te n o s i s  in  p la c e .
40 . P hotograph  o f  th e  t i e  s t e n o s i s .
41 . The a p p a ra tu s  f o r  f i l l i n g  th e  e x c ise d  a r t e r y  w ith  c o n t r a s t  medium.
42 . C a l ib r a t io n  cu rve fo r  th e  t i e  s t e n o s i s .
43 . The r e la t io n s h ip  o f  i n t e r n a l  d ia m e te r  to  e x te r n a l  d ia m e te r  f o r  th e  
e x c ise d  a r t e r y .
44. The e f f e c t  on r e s i s t a n c e  o f  re d u c in g  th e  lumen o f  a s t e n o s i s .
45 . Modulus o f  im pedance w ith  an o r i f i c e  s te n o s i s  and w ith  a b lo c k
s te n o s i s .
46. Modulus o f  im pedance w ith  a  t i e  s t e n o s i s .
47 . Phase o f  im pedance w ith  a b lo c k  s t e n o s i s .
48 . Phase o f  im pedance w ith  a t i e  s t e n o s i s .
49. Comparison o f  th e  s e n s i t i v i t y  o f  d i f f e r e n t  harm onics o f  im pedance 
to  r e d u c t io n  in  th e  lum en, g
51* The v a r i a t i o n  o f  im pedance w ith  le n g th  o f  a s t e n o s i s .
52 . Comparison o f  th e  s e n s i t i v i t y  o f  d i f f e r e n t  harm on ics o f  im pedance 
to  th e  le n g th  o f  a  b lo c k  s t e n o s i s .
53 . The d i s t a l  f lo w  am p litu d e  a s  a p e rc e n t  o f  i t s  norm al v a lu e  f o r  
d i f f e r e n t  ha rm o n ics .
54. The f lo w  am p litu d e  r a t i o  and p hase  d e la y .
55 . The d i s t a l  p r e s s u re  a m p litu d e  a s  a p e r c e n t  o f  i t s  norm al v a lu e  
f o r  d i f f e r e n t  h arm o n ics .
56. The p r e s s u r e  am p litu d e  r a t i o  and p h ase  d e la y .
57. S chem atic  r e p r e s e n ta t io n  o f  th e  h y d ra u l ic  m odel.
58. P hotograph  o f  th e  p i s to n  and sc o tc h  yoke assem bly .
59. S chem atic  r e p r e s e n ta t io n  o f  th e  p i s to n  o s c i l l a t o r  and i t s  co n n ec tio n  
to  th e  flow  system .
60 . Photograph o f  th e  m easuring  a p p a ra tu s  used  f o r  th e  ex p e rim en ts  on 
th e  m odel.
61. The v a r i a t io n  o f  v i s c o s i t y  o f  m e th y lc e l lu lo s e  s o lu t io n  w ith  
c o n c e n tr a t io n .
62. Shear s t r e s s / s h e a r  r a t e  c h a r a c t e r i s t i c s  o f  b lood  and m e th y lc e l lu lo s e  
s o lu t io n .
63. Wave speed m easured in  th e  e x p e rim e n ta l tu b e .
64. The v a r i a t i o n  o f  th e  am p litu d e  o f  th e  r e f l e c t e d  s te p  w ith  d is ta n c e  
t r a v e l l e d .  .
65 . The v a r i a t i o n  in  mean f lo w  r a t e  in  th e  model a t  two c o n s ta n t  in p u t 
p r e s s u r e s .
66. Photograph o f  th e  e x p e rim e n ta l le n g th .
67* The t o t a l  r e s i s t a n c e  o f  th e  model f o r  v a ry in g  d e g re e s  o f  c o n s t r i c t i o n .
68. The r e s i s t a n c e  o f  th e  s te n o s i s  f o r  v a ry in g  d e g re e s  o f  c o n t r i c t i o n .
69. The m odulus o f  im pedance in  th e  model f o r  d i f f e r e n t  d ia m e te rs  o f
\
s t e n o s i s .
70 . The m odulus o f  im pedance in  th e  model f o r  d i f f e r e n t  le n g th s  o f  
s t e n o s i s .  «
v i s c o s i t i e s .
7 2 . The v a r i a t i o n  o f  th e  mean f lo w  in d e x  w ith  d ia m e te r  r a t i o  and 
le n g th  o f  s t e n o s i s .
73 . The v a r i a t i o n . o f  th e  mean p r e s s u r e  in d e x  w ith  d ia m e te r  r a t i o  and 
v i s c o s i t y  o f  th e  f l u i d .
-74. The v a r i a t io n  o f  th e  f lo w  damping in d e x  w ith  fre q u e n c y  and th e  
d e g re e  o f  s t e n o s i s .
75 . V a r ia t io n  o f  th e  p r e s s u r e  damping in d e x  w ith  fre q u e n c y  and th e  
d e g re e  o f  s t e n o s i s .
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76 .  V a r ia t io n  o f  th e  en e rg y  r a t i o  in d e x  w ith  fre q u e n c y  and th e  d eg ree  
o f  s t e n o s i s .
77« V a r ia t io n  o f  th e  a d m itta n c e  r a t i o  in d e x  w ith  f re q u e n c y  and th e  
d e g re e  o f  s t e n o s i s .
78 . Comparison o f  in d ic e s  f o r  a 1 cm lo n g  s te n o s i s  and v i s c o s i t y  0 .9 6  cP .
79 . Comparison o f  in d ic e s  f o r  a  1 cm long  s te n o s is  and v i s c o s i t y  3 .4 6  cP .
80. Comparison o f  in d ic e s  f o r  a  1 cm lo n g  s te n o s i s  and v i s c o s i t y  5 .6 7  cP .
81 .  Comparison o f  in d ic e s  f o r  a 2 cm lo n g  s t e n o s i s  and v i s c o s i t y  3 .4 6  cP .
82. Comparison o f  in d ic e s  f o r  a  3 cm lo n g  s te n o s i s  and v i s c o s i t y  3 .4 6  cP .
83. The v a r i a t i o n  o f  th e  maximum peak  o s c i l l a t o r y  flo w  w ith  th e  k in e m a tic  
v i s c o s i t y  o f  th e  f lu id '.
84 . The c a lc u la te d  e f f e c t  o f  th e  o s c i l l a t o r y  flo w  p a ra m e te r , , on th e  
t r a n s m is s io n  p e r  w aveleng th  in  th e  e x p e r im e n ta l tu b e .
85. The r e la t io n s h ip  betw een S tro u h a l number and th e  en e rg y  lo s s e s  
c a lc u la te d  f o r  th e  m odel. , '
86 . A sonagram  o b ta in e d  from th e  common fem o ra l a r t e r y  o f  a h e a l th y  
young man.
87 . Schem atic  d iag ram  showing th e  f e a tu r e s  o f  a sonagram .
88. Photograph o f  th e  a p p a ra tu s  used  i n i t i a l l y  f o r  m easurem ents on 
p a t i e n t s  a t  o p e r a t io n .
89 . B lock  d iagram  o f  th e  a p p a ra tu s  used  i n i t i a l l y  f o r  p a t i e n t
m easurem en ts. 1 0
from  p a t i e n t s .
91 . P re s su re  and flo w  waves re c o rd e d  from  th e  common fem o ra l a r t e r y  
o f  an asym ptom atic  s u b je c t .
92 . Mean fem o ra l im pedance in  th e  fo u r  asym ptom atic  s u b je c t s .
9 3 . Mean fem o ra l im pedance in  a l l  p a t i e n t s  b e fo re  r e c o n s t r u c t io n  and 
i n  th e  asym ptom atic  s u b je c t s .
9 4 . Photograph  o f  th e  a p p a ra tu s  used  f o r  l a t e r  m easurem ents on p a t i e n t s  
a t  o p e r a t io n .
95* B lock  d iagram  o f  th e  a p p a ra tu s  used  f o r  l a t e r  p a t i e n t  m easurem en ts.
| 96 . Mean fem o ra l im pedance m easured b e fo re  r e c o n s t r u c t io n ,  w ith  th e  
p ro fu n d a  open and w ith  th e  p ro fu n d a  damped.
97* Mean fem o ra l im pedance m easured w ith  th e  p ro fu n d a  clam ped, b e fo re
/
and a f t e r  r e c o n s t r u c t io n .
98 . Mean modulus o f  im pedance m easured in  th e  p o p l i t e a l  a r t e r y .
99 . Mean p o p l i t e a l  im pedance m easured b e fo re  and a f t e r  r e c o n s t r u c t io n .
100. A rrangem ent f o r  s tu d y  o f  lo n g i tu d in a l  im pedance.
101. Mean lo n g i tu d in a l  im pedance o f  te n  s u c c e s s fu l  v e in  b ypass  g r a f t s .
102. The r e la t io n s h ip  betw een th e  i n i t i a l  p e r ip h e r a l  r e s i s t a n c e  and th e  
change in  r e s i s t a n c e  a f t e r  in f u s io n  o f  D ex tran .
103. The r e la t io n s h ip  betw een th e  change in  mean im pedance and th e  change 
in  a b s o lu te  v i s c o s i t y  o f  b lood  a f t e r  in fu s io n  o f  D ex tran .
104. The r e la t io n s h ip  betw een th e  p e r c e n t  change in  mean im pedance and th e  
p e r c e n t  change in  v i s c o s i t y  o f  b lood  a f t e r  in f u s io n  o f  D ex tran .
105. Mean fem o ra l im pedance in  e a r l y  p a t i e n t s  m easured b e fo re  and a f t e r  
r e c o n s t r u c t io n .
106. Mean fem o ra l im pedance o f  th o se  e a r ly  p a t i e n t s  whose o p e ra t io n  was 
u n s u c c e s s fu l  m easured b e fo re  and a f t e r  r e c o n s t r u c t io n .
107. Fem oral im pedance o f  a p a t i e n t  who had an u n s u c c e s s fu l  v e in  b y p ass  
g r a f t .
108. Fem oral im pedance m easured b e fo re  r e c o n s t r u c t io n  in  b o th
11
109* Mean fem o ra l im pedance o f  a l l  p a t i e n t s  m easured w ith  th e  p ro fu n d a  
open , b e fo re  and a f t e r  r e c o n s t r u c t io n .
110. Mean fem o ra l im pedance b e fo re  and a f t e r  r e c o n s t r u c t io n  in  
s u c c e s s fu l  and u n s u c c e s s fu l  c a s e s .
111. Mean p h ase  o f  im pedance b e fo re  and a f t e r  r e c o n s t r u c t io n  in  
s u c c e s s fu l  and u n s u c c e s s fu l c a s e s .
112. Mean m odulus o f  fem o ra l im pedance m easured w ith  th e  p ro fu n d a  
a r t e r y  clam ped.
113. Mean modulus o f  fem o ra l im pedance m easured w ith  th e  p ro fu n d a  
a r t e r y  open .
114. T y p ic a l b lood  flo w  waveform and i t s  c o n s t i tu e n t  s in u s o id a l  
com ponents d e r iv e d  by F o u r ie r  a n a ly s i s .
115. The m agnitude o f  s p u r io u s  harm onics in tro d u c e d  i f  th e  p e r io d  
a n a ly se d  i s  n o t  th e  t r u e  p e r io d .
116. Impedance m easured in  th e  d o g 's  fem o ra l a r t e r y  under norm al 
c o n d i t io n s  by O 'Rourke and T a y lo r .
117. Comparison o f  s te p  re sp o n se  r e s u l t s  w ith  th e  r e s u l t s  o f  C a lv e r t  
and h i s  c o l le a g u e s .
118 . F requency c h a r a c t e r i s t i c s  o f  a manometer system  s u b je c t  to  fo rc e d  
o s c i l l a t i o n s  o f  u n i t  a m p litu d e .
119. The re sp o n se  o f  a  f r e e  v ib r a t in g  system  to  a  s te p  in p u t  f o r  d i f f e r e n t  
v a lu e s  o f  dam ping.
120. S im p lif ie d  analogue  o f  c i r c u l a t i o n  in  th e  le g .
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1. The number o f  saphenous v e in  g r a f t s  which o cc lu d e  in  th e  f i r s t  
month a f t e r  o p e r a t io n .
2 . Mean r e s u l t s  o f  a s e r i e s  o f  f r e e  v ib r a t io n  t e s t s  on b o th  p r e s s u re  
m easu ring  sy stem s.
3 . Comparison o f  f lo w  m easured by c o l l e c t io n  an d .b y  e le c tro m a g n e tic  
flow m eter f o r  v a ry in g  d e g re e s  o f  c o n s t r i c t i o n .
4 . S e n s i t i v i t y  v a r i a t i o n  o f  two c a n n u la tin g  p ro b e s .
5 . S e n s i t i v i t y  f a c t o r ,  K, d e te rm in ed  by th e  tu r n t a b le  m ethod.
6 . S e n s i t i v i t y  f a c t o r ,  K, d e te rm in ed  on c e llo p h a n e  tu b in g .
7 . Mean p e rc e n t  d i f f e r e n c e  in  K f a c t o r  from  m a n u fa c tu r e r 's  v a lu e .
8 . C o r r e la t io n  o f  K v a lu e s  d e te rm in ed  by d i f f e r e n t  m ethods.
9 . F requency  r e s o lu t io n  o f  re sp o n se  r e s u l t s  f o r  v a r io u s  sam pling  
in t e r v a l s  and number o f  d a ta  p o in t s .
10. Comparison o f  freq u en cy  re sp o n se  d e te rm in e d  by s im u la tio n  and av eraged  
s te p  re s p o n s e .
11. D im ensions o f  s te n o se d  a r t e r y  m easured from X -ray  p h o to g ra p h s .
12. D im ensions o f  th e  e x p e rim e n ta l tu b e  m easured by t r a v e l l i n g  m ic ro sco p e .
13. Speed o f  aT 'p ressu re  s te p  m easured in  th e  tu b e .
14. R e s is ta n c e  o f  th e  model com ponents.
15. R e s is ta n c e  o r  s lo p e  o f - th e  p r e s s u r e / f lo w  cu rve  a t  100 mmHg in
-1  . . . .  mmHg.ml • min f o r  each c o n s t r i c t i o n  and a t  d i f f e r e n t  v i s c o s i t i e s .
16. Comparison and c o r r e l a t i o n  o f  im pedance o f  f l u i d  2 and f l u i d  3 .
17 . The a m p litu d e  o f  th e  r e f l e c t e d  wave a s  a  p e rc e n ta g e  o f  th e  in p u t
wave c a lc u la te d  f o r  th in  and th ic k  w a lled  th e o ry  a t  low  fre q u e n c y .
18. Comparison o f  th e  model and th e  human fem ora l a r t e r y .
119. L o n g itu d in a l im pedance n o rm a lize d  f o r  fre q u e n c y  , Z , and th e  r e s u l t s  
o f  b ypass  g r a f t i n g .
20. The e f f e c t  o f  D ex tran  in fu s io n  on th e  b lood  p r o p e r t i e s  o f  packed
c e l l  volume (h a e m a to c r i t  c o n c e n tra t io n )  and th e  a s y m p to tic  v a lu e  
o f  b lood  v i s c o s i t y .
13
t h e  mean o f  t h e  impedance  a t  h i g h e r  f r e q u e n c i e s ,  Z.
22.  The a d d i t i o n a l  p r e s s u r e  due to  t h e  k i n e t i c  e n e r g y  o f  f l o w  i n  the  
f e m o r a l  a r t e r y .
23.  The modulus o f  impedance  o f  t h e  u n c o n s t r i c t e d  r u b b e r  tube  
m easu red  on f o u r  s e p a r a t e  o c c a s i o n s .
1 4
. O  J .  kji r\ -
1. The m a n u f a c t u r e  o f  c o n d u c t i n g  t u b i n g  o f  d i f f e r e n t  d i a m e t e r s .
2 .  O p e r a t i o n  o f  t h e  f l o w  s i m u l a t i o n  c i r c u i t .
3 .  O p e r a t i o n  o f  t h e  s t e p  r e s p o n s e  c i r c u i t .
4 .  Computer  p rogram f o r  F a s t  F o u r i e r  T rans fo rm  o f  t h e  f lo w m e t e r  s t e p
r e s p o n s e .
5.  Computer  p rogram s  f o r  F o u r i e r  S e r i e s  a n a l y s i s  o f  d a t a  p r e p a r e d  on 
t h e  D-Mac c u rv e  t r a c e r .
6 .  D a ta  f rom r e p e a t e d  d e t e r m i n a t i o n  o f  t h e  impedance  o f  t h e  model  t u b e .
7. D e r i v a t i o n  o f  f l o w  e n e r g y  i n  t h e  m ode l .
8 . The s u r g i c a l  p r o c e d u r e  f o r  b y p a s s  g r a f t i n g .
9 .  Computer  p rog ra m s  to  c a l c u l a t e  h y d r a u l i c  impedance  by F o u r i e r  S e r i e s  
a n a l y s i s ,  f rom m easu rem en ts  o f  p r e s s u r e  and f l o w  waves.
10.  The a s s u m p t io n s  o f  t h e  f r e e  v i b r a t i o n  t e c h n i q u e  f o r  dynamic
c a l i b r a t i o n  o f  c a t h e t e r / m a n o m e t e r  sy s te m s  and methods  o f  c o r r e c t i o n .
C hap ter 1•
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A r t e r i o s c l e r o s i s  o c c u rs  commonly in  man and  i t  m a n if e s ts  i t s e l f  
by  p a r t i a l  o r  com plete  o c c lu s io n  o f  m ajo r a r t e r i e s .  I t  a f f e c t s  a l l  
m a jo r  a r t e r i e s  and i s  m ost f r e q u e n t ly  found i n  th e  c o ro n a ry  and c a r o t id  
- a r te r ie s *  th e  abdom inal a o r t a  and th e  m a jo r a r t e r i e s  o f  th e  l e g .
A com prehensive s tu d y  o f  th e  o c c u rre n c e  and n a t u r a l  p ro g re s s io n  
X5f p e r ip h e r a l  a r t e r i a l  d is e a s e  in  1476 p a t i e n t s  su g g e s te d  t h a t  " is c h a e m ia  
(g an g ren e ) i s  a  l e s s  p r e s s in g  prob lem  th a n  d e a th  a t  p r e s e n t  in  th e se  
p a t i e n t s ” (B lo o r , 1961), b u t  o th e r  s tu d ie s  in d ic a te d  t h a t  th e  l i f e  
e x p e c ta n c y  o f  a f f e c te d  p a t i e n t s  was b e t t e r  th a n  had been  th o u g h t 
p r e v io u s ly .  (C oclcett and M aurice , 1963).
N in e ty  p e r c e n t  o f  th o se  a f f e c te d  a re  men (R ic h a rd s , 1957; B lo o r.
1961; T ay lo r and C alo , 1962 ). The c o n d it io n  i s  d i r e c t l y  r e l a t e d  to  
to b a cco  consum ption (Law ton, 1973; E a s t c o t t ,  1973) and b lo o d  group 
^ K in g s b u ry ,  1971; M o rris  and B ouhou tsos , 1 9 7 3 ).. T here ap p ea r to  be two 
frorms o f  a r t e r i o s c l e r o s i s ,  th e  f i r s t  b e in g  c h a r a c te r i s e d  by g e n e ra l  
th ic k e n in g  and h a rd e n in g  o f  th e  a r t e r i e s  w ith  o r  w ith o u t l o c a l i s e d  b lo c k s  
and th e  second by m u l t ip le  lo c a l  o c c lu s io n s  b u t  w ith  r e l a t i v e l y  norm al 
a r t e r i e s  betw een b lo c k s  (K ingsbu ry , 1971)• T here  i s  some ev id en ce  t h a t  
' t h e r e  i s  a  d i f f e r e n c e  in  age betw een th e  two g roups (C h a r le s v o r th ,  1975) • 
The m ost commonly a f f e c te d  a r t e r y  i s  th e  s u p e r f i c i a l  fe m o ra l,  
f ig u r e  ( l ) .  About 60% o f  p a t i e n t s  w ith  p e r ip h e r a l  v a s c u la r  d is e a s e  
p r e s e n t  w ith  symptoms o f  d is e a s e  in  t h i s * a r t e r y  (B lo o r , 1961; T a y lo r 
and C alo , 1962). A r t e r io s c l e r o s i s  f i r s t  a p p e a rs  a t  th e  ju n c t io n  o f  th e  
low er t h i r d  o f  th e  a r t e r y  w ith  th e  u pper two t h i r d s ,  and p ro g re s s e s  u n t i l  
th e  e n t i r e  a r t e r y  i s  c o m p le te ly  o cc lu d ed  (C o c k e tt and M au rice , 1 9 6 3 ).
The. e f f e c t  o f  t h i s  p ro c e s s  i s  to  im p a ir  th e  su p p ly  o f  a r t e r i a l  b lo o d  
to  th e  t i s s u e s  o f  th e  low er le g ,  in  p a r t i c u l a r  th e  m u sc les  o f  th e  c a l f .
In  th e s e  c irc u m sta n c e s  e x e rc is e  p ro d u ces  a  c ra m p - lik e  p a in  in  th e  m u sc les  
w hich i s  r e l i e v e d  by r e s t ,  th e  symptom i s  c a l l e d  i n t e r m i t t e n t  c l a u d ic a t io n .
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COMMON 
FEMORAL 
. ARTERY
V
PROFUNDA ARTERY
SUPERFICIAL
FEMORAL
ARTERY
POPLITEAL ARTERY
KNEE JOINT
F ig . ( l )  The a r t e r i a l  system  o f  th e  th ig h .
The common fem o ra l a r t e r y  d escen d s in  f r o n t  o f  th e  
femur from th e  le v e l  o f  th e  in g u in a l  lig a m e n t. The 
s u p e r f i c i a l  fem o ra l a r t e r y  p a s s e s  th rough  th e  a d d u c to r  
magnus m uscle ru n n in g  beh ind  th e  knee a s  th e  p o p l i t e a l  
a r t e r y .
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c la u d ic a t io n  o b ta in  some m easure o f  r e l i e f  from  t h e i r  symptoms w ith o u t 
t r e a tm e n t (B lo o r , 1961)• In  o th e r s  c la u d ic a t io n  becomes c r ip p l in g ,  
im p a ir in g  l iv e l ih o o d  and l e i s u r e ,  o r  th e  b lood  su p p ly  may be so red u ced  
t h a t  p a in  i s  p r e s e n t  even a t  r e s t .  Isch aem ic  changes and gangrene may 
develop  n e c e s s i t a t i n g  am p u ta tio n  in  ab o u t 10% o f  c a se s  (B lo o r , 1961; 
T a y lo r , 1 9 62 ). For th e se  p a t i e n t s  and th o se  who develop  f u r th e r  symptoms 
a f t e r  an i n i t i a l  r e l i e f ,  some form  o f  tre a tm e n t i s  r e q u i r e d .
A. M ethods o f  T rea tm en t
1. Drug Therapy
Drugs which a c t  by b lo c k in g  sy m p a th e tic  n e rv e s  o r  which a c t  
d i r e c t l y  on th e  b lood  v e s s e l  w a ll ,  in c re a s e  th e  f lo w  o f  b lood  to  th e  lim bs 
o f  norm al v o lu n te e r s  though th e  o p p o s ite  e f f e c t  o c c u rs  in  p a t i e n t s  w ith  
p e r ip h e r a l  v a s c u la r  d is e a s e  (De Bakey e t  a l ,  1947; G i l l e s p ie ,  1959)*
Such d ru g s  a re  s u p e r io r  to  ” a lc o h o l' by mouth" o n ly  in  v a s o s p a s t ic  
d i s o r d e r s  such a s  Raynaud’ s d i s e a s e ,  u n le s s  a d m in is te re d  by i n j e c t i o n  in to  
th e  a r t e r i e s .  (Goodwin, 1960).
T here i s ,  a t  p r e s e n t ,  no s u c c e s s fu l  d rug  th e ra p y  f o r  i n t e r m i t t e n t  
c l a u d ic a t io n .  The u se  o f  d ru g s  which a re  n o t  v a s o d i l a to r s  in  th e  
tre a tm e n t o f  p a t i e n t s  w ith  p reg an g ren e  i s  a s  y e t  u n c le a r  (C h a rle sw o rth  
e t  a l ,  1975 a ,  Humphreys e t  a l ,  1977)*
2 . Lumbar gang lionectom y -  sym pathectom y:
The p ro ced u re  r e f e r r e d  to  a s  lum bar sym pathectom y in v o lv e s  a b o l i t i o n  
o f  th e  n e rv o u s  c o n t ro l  o f  th e  smooth m uscle in  th e  w a ll o f  th e  a r t e r i e s .  
T h is  i s  ach iev ed  by d iv id in g  th e  a p p ro p r ia te  sy m p a th e tic  n e rv e s  in  th e  
lum bar r e g io n .  The u se  o f  t h i s  o p e ra t io n  f o r  th e  tr e a tm e n t o f  i n t e r ­
m i t t e n t  c la u d ic a t io n  h as  been d e c la re d  to  be v a lu e le s s  on many o c c a s io n s ,  
b u t  some w orkers s t i l l  f in d  re a s o n  to  q u e s tio n  t h i s .  ( G i l l e s p i e ,  I960  a , b ;  
B lo o r, 1961; T ay lo r and C alo , 1962; P o s t ie th w a i te ,  1973). T here  i s
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g an g ren e  and c h ro n ic  r e s t  p a in ,  r e l i e f ,  i f  an y , b e in g  t r a n s i t o r y .  
^O ccasionally  s t r i k i n g  im provem ent o c c u rs  in  p a t i e n t s  w ith  isc h a e m ia  and 
m odera te  r e s t  p a in ,  p a r t i c u l a r l y  in  th o se  in  whom c la u d ic a t io n  h as  
b een  lo n g  e s ta b l i s h e d ,  ( G i l l e s p ie ,  1960 b ; T ay lo r and C alo , 1962;
B o s t ie th w a ite ,  1973 ). In  p a t i e n t s  w ith  sudden o n s e t  o f  symptoms o r  
r a p id l y  p r o g r e s s iv e  d is e a s e  th e  r e s u l t s  a r e  p o o r .  F or th e  p a s t  two 
d eca d es  s u r g ic a l  r e c o n s t r u c t io n  o f  th e  a r t e r i e s  h a s  been  th e  t r e a tm e n t 
o f  c h o ic e  f o r  such p a t i e n t s .
3 .  D ir e c t  su rg e ry
The d e c is io n  to  recommend o p e ra t io n  depends on th e  s e v e r i t y  o f  
symptoms, i t  i s  m andatory  f o r  p a t i e n t s  w ith  r e s t  p a in  and gangrene b u t 
i n  p a t i e n t s  w ith  c la u d ic a t io n  th e  in d ic a t io n s  f o r  su rg e ry  a r e  l e s s  c l e a r  
c u t .  B ecause th e  r e s u l t s  o f  s u rg e ry  a re  -u n ce rta in  and f a i l u r e  can be 
d i s a s t r o u s ,  o p e ra t io n  i s  a d v ise d  o n ly  f o r  th o se  whose way o f  l i f e  i s  
s e r io u s ly  a f f e c t e d ,
T h ree  d i f f e r e n t  o p e ra t io n s  a re  in  common u se  f o r  p a t i e n t s  w ith  
o c c lu s io n  o f  th e  fem o ra l a r t e r y ,  th rom b o en d arte rec to m y , a n g io p la s ty  o f  
th e  p ro fu n d a  fe m o ris  a r t e r y  and in s e r t i o n  o f  a  b y p ass  g r a f t ,  e i t h e r  a 
v e in  o r  a p r o s th e s i s .
E n d arte rec to m y  was f i r s t  d e s c r ib e d  by dos S an to s  in  1949 and i s  
perfo rm ed  by open ing  th e  v e s s e l  and d i s s e c t in g  f r e e  th e  o c c lu s iv e  
m a te r ia l  t h a t  l i n e s  th e  a r t e r y .  A l t e r n a t iv e ly  a  w ire  r in g  i s  p a s se d  - 
th ro u g h  a  s l i t  in  th e  a r t e r y  and a lo n g  th e  v e s s e l ,  s t r i p p i n g  o r  " r e b o r in g "  
-the a f f e c te d  le n g th .  The te c h n iq u e  i s  s u c c e s s fu l  in  l a r g e  a r t e r i e s ,  
b u t  th e  s m a lle r  s u p e r f i c i a l  fem o ra l a r t e r y  o f te n  th rom boses w ith in  a  
y e a r  o f  o p e r a t io n .  (T a y lo r , 1962; W att e t  a l ,  1 9 74 ). A lthough  good 
r e s u l t s  have been r e p o r te d  m ost su rg eo n s  r e p o r t  a  h ig h  in c id e n c e  o f  f a i l u r e .  
(W ylie 1952; Cannon and B a rk e r , 1955; C o ck e tt and M au rice , 1963; Bazy,
1949; K u n lin , 1951; Rob, 1956; S toney , James and VfyTie, 1971; Im p a ra to , 
B racco and Kim, 19 7 3 ). Our e x p e r ie n c e  i s  s im i l a r .  Of a  s e r i e s  o f  55
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South  M anchester^ 27 (49%) w ere s t i l l  p a t e n t  two y e a r s  a f t e r  o p e r a t io n .
P rofunda a n g io p la s ty . T h is o p e ra t io n  i s  in te n d e d  to  im prove 
th e  c o l l a t e r a l  c i r c u l a t i o n  by i n s e r t i n g  a  p a tc h  to  widen th e  o r ig i n  
o f  th e  p ro fu n d a  fe m o ris  a r t e r y  i f  i t  i s  n a rro w ed . I t  r e l i e s  on th e  
a b i l i t y  o f  th e  p ro fu n d a  a r t e r y  to  su p p ly  th e  e n t i r e  demands o f  th e  low er 
lim b . The r e s u l t  i s  u n p r e d ic ta b le ,  b u t  th e  o p e ra t io n  i s  u s e f u l  
in  th e  management o f  p a t i e n t s  w ith  gangrene when o th e r  ap p ro ach es  a re  
im p ra c t ic a b le  (B erguer e t  a l ,  1973).
A b ypass  g r a f t  p ro v id e s  an a l t e r n a t i v e  ro u te  from  th e  common fem o ra l 
a r t e r y  to  th e  p o p l i t e a l  a r t e r y ,  f ig u r e  ( 2 ) .  A v a r i e t y  o f  c o n d u its  have 
been  em ployed,
a r t e r i a l  h o m o g ra fts , 
a r t i f i c i a l  p r o s th e s e s ,  
o r  au to lo g o u s, saphenous v e in .
The problem  o f  o b ta in in g  and s to r in g  a r t e r i a l  h o m o g rafts  was n o t  
r e s o lv e d  s a t i s f a c t o r i l y ,  and th e y  e x h ib i te d  a  ten d en cy  to  develop  
aneurysm s and to  throm bose (Cooke e t  a l ,  1953; E a s t c o t t ,  1953; D a r lin g , 
L in to n  and R azzuk, 1967)*
A r t i f i c i a l  p r o s th e s e s  o f  i n e r t  m a te r ia l  such a s  O rion , T e f lo n ,
D acron and P .T .F .E . have been a v a i la b l e  s in c e  1955 and a r e  commonly used  
th ro u g h o u t th e  a r t e r i a l  t r e e  (H u fn ag e l, 1955). The su c c e s s  o f  t h i s  ty p e  
o f  o p e ra t io n  depends on th e  l o c a t io n .  P ro s th e s e s  a r e  much l e s s  s u c c e s s fu l  
when used  in  th e  re p la c e m e n t o f  n a rro w  v e s s e l s  such a s  th e  s u p e r f i c i a l  
fem o ra l a r t e r y  th a n  when used  to  r e p la c e  th e  a o r ta  (T a y lo r , 1962; H a r r i s ,  
1974) .  in  some p a t i e n t s  a  s u i t a b l e  v e in  may n o t  be a v a i la b l e  and 
p ro s th e s e s  p ro v id e  th e  o n ly  a l t e r n a t i v e .  (L in to n  and D a r lin g , 1962;
W a tt-e t  a l ,  1974)* As y e t  th e r e  i s  no w id e ly  a c c e p te d  sm a ll b o re  
p r o s th e s i s  f o r  u se  in  th e  low er le g  o r  f o r  re p la c e m e n t o f  th e  c o ro n a ry  
a r t e r i e s .  (W ashington Conf. P ap ers  1 9 76). When p r o s th e s e s  a re  u sed  in  
th e  low er lim b l e s s  th a n  20% a r e  p a t e n t  a f t e r  an i n t e r v a l  o f  s i x  m onths 
(Edw ards, 1960; E a s t c o t t ,  1 9 7 3 ) ^ ^
BYPASS
GRAFT
F ig , (2.) Bypass g r a f t i n g  o f  a  b lo ck ed  s u p e r f i c i a l  fem o ra l
a r t e r y .  The g r a f t  s t r e t c h e s  from above th e  p ro fu n d a  
fe m o ris  b ranch  to  th e  p o p l i t e a l  a r t e r y ,  o f te n  a s  low 
a s  th e  knee j o i n t .
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seems no d oub t t h a t  a t  p r e s e n t  t h i s  i s  th e  m ost e f f e c t i v e  method 
a v a i la b l e  (S z i la g y i  e t  a l ,  1964; G u te l iu s  e t  a l ,  1965; De Weese e t  a l ,  
1966; B addeley  e t a l ,  1967; Ray e t  a l ,  1970; B addeley  e t  a l ,  1970;
De Weese and Rob, 1971; Im para to  e t  a l ,  1973; W att e t  a l ,  1974 ).
P io n ee red  by K unlin  in  1949 th e  te c h n iq u e  was i n i t i a l l y  a c c e p te d  
w ith  r e s e r v a t io n .  E a r ly  p a te n c y  r a t e s  o f  o v e r 90% a r e  r e p o r te d  y e t  o n ly  
60% a re  p a t e n t  f iv e  y e a r s  a f t e r  i n s e r t i o n  and t h i s  a p p l ie s  even when th e  
p ro g n o s is  i s  good. (L in to n  and D a r l in g , 1962; M i l l e r ,  1974; W att e t  a l ,  
1974)* Most su rg eo n s r e p o r t  t h a t  30% to  40% o f  g r a f t s  a r e  o cc lu d ed  w ith in  
two y e a rs  o f  o p e ra t io n  and in  th e  m ost se v e re  c a s e s ,  th o se  w ith  r e s t  
p a in  o r  g an g ren e , th e  f a i l u r e  r a t e  i s  50% to  70%. (T ib b s , 1960; T a y lo r , 
1962).
In  a s e r i e s  o f  33 v e in  g r a f t s  perfo rm ed  by th e  s ta n d a rd  te c h n iq u e  in  
th e  U n iv e r s i ty  H o s p i ta l  o f  South M anchester in  1970, 61% were p a t e n t  a f t e r  
two y e a r s .  The s e r i e s  in c lu d e d  p a t i e n t s  w ith  r e s t  p a in  and g ang rene  a s  
w e ll a s  c l a u d ic a n ts .  In  th e  tre a tm e n t o f  i n t e r m i t t e n t  c la u d ic a t io n  t h i s  
o p e ra t io n  h a s ,  th e r e f o r e ,  o n ly  a  s l i g h t  ad v an tag e  o v e r th e  n a t u r a l  
re c o v e ry  r a t e  a s  r e p o r te d  by B lo o r, (1961) though i t  may be m ost u s e f u l  
in  th e  more se v e re  o r  r e c u r r e n t  c a se s  o f  a t h e r o s c le r o s i s  where th e  n a t u r a l  
p ro g n o s is  i s  n o t  good. I f  some im provem ent can be made in  b o th  th e  s h o r t  
te rm  and th e  lo n g  term  r e s u l t s ,  s u rg e ry  would p ro v id e  a means o f  r e l i e v i n g  
c o n s id e ra b le  s u f f e r in g ,  a llo w  more p e o p le  to  le a d  a  no rm al l i f e ,  and 
m ost im p o r ta n t ly  red u ce  c o n s id e ra b ly  th e  number o f  a m p u ta tio n s  w hich have 
to  be perfo rm ed  each  y e a r .  '
P ro g re s s io n  o f  th e  d is e a s e  i s  u n lik e ly , to  be th e  p r i n c i p a l  cau se  o f  
f a i l u r e  s in c e  th e  m a jo r i ty  o f  g r a f t s  o cc lu d e  s h o r t ly  a f t e r  o p e r a t io n ,  
t a b le  ( l ) .  R e s u l ts  in  th e  U n iv e r s i ty  H o s p ita l  o f  South M an ch este r a re  
shown in  f ig u r e  ( 3 ) .  The consequences o f  e a r ly  f a i l u r e  a r e  g ra v e , more 
th an  h a l f  o f  th e  u n s u c c e s s fu l c a s e s  su b se q u e n tly  r e q u ir e d  a m p u ta tio n .
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A uthor Number o f  
g r a f t s
P e rcen tag e  o f  t o t a l  
o c c lu s io n s  o c c u r in g  
in  th e  f i r s t  month
Y ears o f  
fo llo w -u p
L in to n  and D a r lin g  
(1962) 76 87 .5 0 -6
S z ila g y i  e t  a l  
(1964) 52 86.6 0 - 2?
G u te liu s  e t  a l  
(1965) 60 91 .6 0-3
De Weese e t  a l  
(1966) 116 64 0-7
De Weese and Rob
(1971) 113 53
U n iv e r s i ty  H o s p ita l  o f
South M anchester
(1973) 40 61 .5 0 -2
T able ( l )
The number o f  saphenous v e in  g r a f t s  which o cc lu d e  in  th e  f i r s t  
month a f t e r  o p e ra t io n  ex p re sse d  a s  a p e r c e n t  o f  th e  t o t a l  number o f  
o c c lu s io n s .
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t•  R E ST  PAIN
PATENT G R A F T ---------- *
OCCLUDED GRAFT ----------1
DEATH OF PATIENT •+
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2 3
YEARS
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F ig . (3) The r e s u l t s  o f  40 fe m o ro -p o p l i te a l  byp ass  o p e r a t io n s  
perform ed  in  th e  U n iv e r s i ty  H o sp ita l o f  South 
M anchester u s in g  saphenous v e in  g r a f t s .
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i .  te c h n ic a l  p rob lem s o f  su rg e ry
i i .  p o o r c i r c u l a t i o n  p ro x im a l to  th e  g r a f t ,  " ru n - in "
" i i i .  th e  p h y s ic a l  c h a r a c t e r i s t i c s  o f  th e  g r a f t  i t s e l f ,  l e n g th ,  
d ia m e te r ,  s u r fa c e  e t c .  
i v .  p o o r d i s t a l  v e s s e l s ,  " r u n - o f f " ,  which may be r e l a t e d  to  
s e v e r i t y  o f  d i s e a s e .
T e c h n ica l p rob lem s o f  su rg e ry  such a s  an as to m o sis  to  a  d is e a s e d  
v e s s e l ,  were th o u g h t to  be th e  main cause  o f  f a i l u r e .  (D a r lin g  e t  a l ,
1967; M annick e t  a l ,  1967)* These a u th o rs  a ls o  concluded  t h a t  th e  le n g th  
and d ia m e te r  o f  th e  v e in  g r a f t  were u n im p o rtan t a s  was th e  c o n d i t io n  o f  
th e  a r t e r i e s  d i s t a l  to  th e  g r a f t ,  " r u n - o f f " .  In  a  s tu d y  o f  156 bypass 
g r a f t s  no c o r r e l a t i o n  was d em o n stra ted  betw een f a i l u r e  and s e v e r i t y  o f  
d is e a s e ,  " r u n - o f f " ,  d ia m e te r  o f  th e  g r a f t  o r  " r u n - in " .  ( M i l le r ,  1974 ).
The ev id en ce  ab o u t th e  e f f e c t  o f  th e  u p stream  c o n d i t io n s ,  " r u n - in " ,  was 
b a se d .o n  o n ly  two c a s e s .  S z i la g y i  and h i s  c o lle a g u e s  s tu d ie d  th e  e f f e c t  
on b lood  flo w , o f  th e  ty p e  and a n g le  o f  th e  a n a s to m o s is , end to  end 
re p la c e m e n t compared to  b y p a ss , and th e  e f f e c t  o f .v a r i a t i o n  in  th e  d ia m e te r  
o f  th e  g r a f t .  (S z i la g y i  e t  a l ,  1960). They used  f lo w  r a t e  a s  t h e i r  
c r i t e r i o n  o f  e x c e lle n c e  and r e l a t e d  t h e i r  r e s u l t s  to  s im p le  hyd rodynam ics.
U n t i l  r e c e n t ly  th e  in f lu e n c e  o f  a b n o rm a li t ie s  in  th e  a r t e r i e s  
p ro x im al to  th e  s i t e  o f  a  g r a f t  was n o t  'a p p re c ia te d .  For many y e a r s  no 
a t te m p t was made to  v i s u a l i z e  th e  i l i a c  a r t e r i e s  b e fo re  a  f e m o ro -p o p l i te a l  
v e in  b ypass  o p e ra t io n ,  and when i t  became r o u t in e  to  do so s te n o s e s  o f  
l e s s  th an  70% to  80% o f  th e  c ro s s  s e c t io n a l  a r e a  o f  th e  lumen w ere o f te n  
ig n o re d .
"For d ecades both ' su rg eo n s  and r a d i o l o g i s t s  have a s s e s s e d  a r te r io g ra m s
by r u l e  o f  thumb and have based  t h e i r  a sse ssm e n t on th e  c o n ce p t o f  a
" c r i t i c a l  s t e n o s i s " .  B r ie f l y ,  t h i s  co n cep t im p lie s  t h a t  a  d i s c o n t in u i t y
in  th e  lumen o f  a m ajo r a r t e r y  w i l l  have l i t t l e  e f f e c t  on " flo w "
p ro v id e d  l e s s  th an  80% o f  th e  c ro s s  s e c t io n a l  a r e a  i s  in v o lv e d . I t
p re su p p o se s  t h a t  mean flo w  i s  th e  o n ly  im p o rta n t p a ra m e te r , and to  d a te
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d i r e c te d  tow ard m easurem ent o f  mean flo w .
I t  h a s  been shown th a t  v e in  b ypass  g r a f t s  were more l i k e l y  to  
f a i l  in  p a t i e n t s  who have d im in ish e d  p u l s a t i l i t y  o f  in f lo w  (H a r r is  e t  a l ,  
1974; C h arlesw o rth  e t  a l ,  1975 b ) .  The l o s s .o f  p u l s a t i l e  n a tu r e  o f  th e  flo w  
was r e l a t e d  to  th e  e x te n t  o f  a r t e r i a l  d is e a s e  p ro x im al to  th e  m easu rin g  
s i t e .  In  many in s ta n c e s  a r te r io g ra m s  d id  n o t  r e v e a l  any o b v io u s 
s te n o s i s  in  th e  p ro x im al a r t e r i e s .
X -ray  p h o to g rap h s  in  th e  a n t e r i o r - p o s t e r i o r  p la n e  f a i l  to  r e v e a l  
s te n o s e s  caused  by la rg e  p la q u e s  o f  atherom a a r i s i n g  from  th e  p o s t e r i o r  
w a ll o f  th e  a r t e r y .  (Mooife and H a ll ,  1971)• They a ls o  f a i l  to  r e v e a l  
c o n d i t io n s  o th e r  th a n  s te n o s i s  which may impede th e  c i r c u l a t i o n .
I f  o n ly  th o se  p a t i e n t s  who have a  "norm al" r u n - in  a re  s e le c te d  f o r  a
fe m o ro -p o p l i te a l  v e in  g r a f t ,  th e n  f a i l u r e s  w i l l  be due to  e i t h e r  in a d e q u a te
" r u n - o f f "  o r  to  th e  g r a f t  i t s e l f .  For many y e a r s  a t te m p ts  have been  made 
to  a s s e s s  " r u n - o f f "  b u t w ith o u t co nsp icuous s u c c e s s .  ( H a r r i s ,  19 7 4 ).
U su a lly  " r u n - o f f "  i s  q u a n t i ta te d  from  a r te r io g ra m s  o r  in  te rm s o f  mean 
flo w  o r  r e s i s t a n c e  in  th e  low er le g .
I t  seems l i k e l y  t h a t  an a n a ly s i s  o f  th e  p u l s a t i l e  c h a r a c t e r i s t i c s
o f  flo w  may p ro v id e  a u s e f u l  in d e x  o f  th e  s t a t e  o f  th e  c i r c u l a t i o n .
P u l s a t i l e  f lo w  i s  fundam en ta l to  p ro p e r  t i s s u e  p e r fu s io n  and f u n c t io n  and 
i t  i s  a l t e r e d  by changes in  th e  p h y s ic a l  p r o p e r t i e s  o f  th e  a r t e r i a l  w a ll 
(Nakayama e t  a l ,  1963; Mandelbaum and B urns, 1965; McDonald, 1960;
H o llin g  e t  a l ,  19 6 1 ). Sim ple in s p e c t io n  o f  th e  co n to u r o f  th e  wave i s  
i n s t r u c t i v e  b u t th e  d e s c r ip t io n  o f  a  waveform by- 14 s e p a ra te  in d ic e s  does 
l i t t l e  to  e lu c id a te  th e  b eh av io u r o f  th e  a r t e r i a l  system  (C o tto n  e t  a l ,
1972; Kouchoukos, 1967; Lee, T ra in o r  and Madden, 1971)•
W hatever in d e x  i s  used  i t  sh o u ld  c o n ta in  a s  much in fo rm a tio n  a s
p o s s ib le  and sho u ld  have haemodynamic s ig n i f i c a n c e .  Blood p r e s s u r e  and
flo w  a re  in s e p a ra b le  p a ra m e te rs  o f  th e  c i r c u l a t i o n  and i t  h a s  been  shown
t h a t  th e  r a t i o  o f  mean p r e s s u re  to  mean f lo w , th e  r e s i s t a n c e ,  i s  r e l a t e d
-?o
to  th e  s e v e r i t y  o f  a r t e r i a l  d is e a s e  (Sumner and S tra n d n e s s ,  I9j>8').
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p ro v id e  a  u s e f u l  d e s c r ip t io n  and m easure o f  th e  s t a t e  o f  th e  c i r c u la t io n #  
Such a  p a ra m e te r  e x i s t s  and i s  known a s  h y d r a u l ic  im pedance.
B . A Review o f  th e  M ethods o f  A ssessm ent
A ssessm ent o f  th e  s e v e r i t y  and e x te n t  o f  d is e a s e  in  th e  p e r ip h e r a l  
a r t e r i e s  o f  th e  low er lim b and th e  e f f e c t  o f  any t r e a tm e n t ,  i s  made 
i n i t i a l l y  by p a lp a t io n  o f  p u ls e s  in  th e  common fem o ra l a r t e r y ,  th e  
p o p l i t e a l  a r t e r y  and th e  p o s t e r i o r  t i b i a l  a r t e r y .  Isch aem ic  and 
gangrenous changes a re  a s s e s s e d  v i s u a l l y  (Boyd e t  a l ,  19 4 9 ). I f  s u rg e ry  
i s  n e c e s s a ry  th e s e  p ro c e d u re s  a re  supplem ented  by x - ra y  p h o to g ra p h s , 
which g iv e  more p r e c i s e  d e t a i l s  o f  th e  to p o g ra p h ic a l d i s t r i b u t i o n  o f  
a r t e r i o s c l e r o s i s .  (M essent e t  a l ,  1953; K ingsbury , 1971)• However th e r e  
may be e r r o r s  in  r e l a t i n g  th e  s e v e r i t y  o f  d is e a s e  to  th e  a p p e a ra n c e s  o f  
angiogram s (H a r r is  e t  a l ,  1974; Moore and H a ll ,  1971)• T h is  may be 
augm ented by t e s t s  o f  fu n c t io n  such a s  w alk ing  a  s e t  d i s t a n c e ,  o r  e x e r c is e  
on a  t r e a d m il l  b u t  u n le s s  th e s e  t e s t s  a r e  conducted  p r o p e r ly  th e y  a re  
u s e le s s  (B lo o r , 1961; Boyd, 19 6 6 ). Due to  v a r i a t i o n  betw een p a t i e n t s  
th e y  do n o t  p ro v id e  u s e f u l  com p ara tiv e  in fo rm a tio n  though th e y  may be 
u s e f u l  in  a s s e s s in g  d e t e r io r a t i o n  o f  in d iv id u a l  p a t i e n t s .  They a r e  
im p r a c t ic a l  when th e  d eg ree  o f  a r t e r i a l  d y s fu n c tio n  i s  se v e re  a s  in  
p a t i e n t s  w ith  r e s t  p a in .
M easurem ent o f  th e  e f f e c t  o f  a r t e r i o s c l e r o s i s  i s  d i f f i c u l t  in  p a t i e n t s .  
The m ajor d isa d v a n ta g e  o f  m ost o f  th e  n o n - in v a s iv e  m ethods o f  i n v e s t i g a t io n  
i s  t h a t  th e y  r e f l e c t  o n ly  th e  c o n d it io n  o f  segm ents o f  th e  lim b . These 
may in c lu d e  s e v e ra l  b lood  v e s s e ls  w ith  d i f f e r i n g  d e g re e s  o f  o c c lu s io n .
Such in v e s t ig a t io n s  do n o t  r e q u i r e  ad m issio n  to  h o s p i t a l  and th e y  a r e  
p a in le s s  b u t a re  o n ly  o f  u se  when com parisons a re  to  be made in  th e  same 
p a t i e n t .
The e s ta b l i s h e d  method o f  n o n - in v a s iv e  m easurem ent i s  p le th y sm o g rap h y , 
th e  d e te rm in a tio n  o f  th e  changes in  th e  s iz e  o f  a  lim b  o r  d i g i t  due to
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i n  th e  ty p e  o f  t r a n s d u c e r  used  to  d e t e c t  th e  change in  s i z e .  These a re  
1 volume d isp la c e m e n t 
. 0 2 s t r a i n  gauge
3 e l e c t r i c a l  im pedance 
E l e c t r i c a l  c a p a c ita n c e  p le thysm ography  h a s  a ls o  been  r e p o r te d  (Woodcock, 
1 974 ).
The volume d isp la c e m e n t method e n t a i l s  su rro u n d in g  th e  lim b o r  
d i g i t  to  be in v e s t ig a te d  w ith  a  f l u i d ,  u s u a l ly  w a te r , c o n ta in e d  in  a  
r i g i d  v e s s e l .  The volume o f  b lood  s u p p lie d  by th e  a r t e r i a l  in - f lo w  i s  
eq u a ted  to  th e  volume o f  f l u i d  d is p la c e d  i f  venous o u t- f lo w  i s  p re v e n te d  
(B ro d ie  and R u s s e l l ,  1905)#
S t r a in  gauge p le thysm ography  m easures th e  change in  c irc u m fe re n c e  
o f  a  lim b w hich, i f  th e  lim b i s  assumed to  be c i r c u l a r ,  may be r e l a t e d  
to  a r e a  and volume changes (W hitney, 1953). The s t r a i n  gauges a r e  n a rro w  
tu b e s  o f  ru b b e r  o r  s i l a s t i c  c o n ta in in g  m ercury  which a re  wrapped around  
th e  lim b . Changes in  th e  le n g th  o f  th e  gauge p roduced  by v a r i a t i o n  in  
d ia m e te r  o f  th e  lim b w ith  each  h e a r t  b e a t ,  p ro d u ce  changes in  th e  e l e c t r i c a l  
r e s i s t a n c e  o f ' t h e  m ercu ry . An e x c e l le n t  summary o f  th e  d e s ig n  and u se  o f  
such a p p a ra tu s  was g iv e n  by S tra n d n e ss  and B e l l  (1965)* The te c h n iq u e  
h a s  been v a l id a te d  by com parison w ith  c o n t ro l le d  in f u s io n  o f  f l u i d  
(Englund e t  a l ,  1972).
The v a r i a t i o n  in  e l e c t r i c a l  im pedance o f  a  lim b d u r in g  th e  p u ls e  
c y c le  i s  th e  b a s i s  o f  th e  t h i r d  m ethod. In  th e  u s u a l  a rran g em en t th e  lim b 
i s  e n c i r c le d  by fo u r  e l e c t r o d e s .  The o u te r  tw o ,su p p ly  a  h ig h  f re q u e n c y  
c u r r e n t  o f  a b o u t 1mA to  th e  lim b w h ile  th e  in n e r  two e le c t r o d e s  a r e  
used  a s  v o l ta g e  s e n s o r s .  The d i f f e r e n c e  in  v o l ta g e  betw een th e  in n e r  
two e le c t r o d e s  depends on th e  im pedance o f  th e  lim b , i f  th e  c u r r e n t  
s u p p lie d  i s  c o n s ta n t .  The r e l a t i o n s h ip  o f  th e  change in  im pedance to  
th e  changes in  th e  c i r c u l a t i o n  i s  in  d o u b t. Some w orkers c la im  t h a t  th e  
s ig n a l s  p roduced  a re  m ere ly  a r t e f a c t s .  (Van den B erg and A lb e r t s ,  1954;
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and s t r a i n  gauge p le thysm ography  h as  been r e p o r te d  from  o u r la b o ra to r y
(Schraibm an e t  a l ,  1975)
A m easure o f  th e  e f f e c t i v e  c i r c u l a t i o n  can be made from  th e  c le a ra n c e
o f  a  r a d io a c t iv e  su b s ta n c e  from  a  t i s s u e  (K ety , 1 9 48 ). The a d a p ta t io n
133o f  t h i s  method by L assen , who used  Xe a llow ed  th e  m easurem ent o f  
b lo o d  f lo w  in  a b s o lu te  te rm s (L assen  e t  a l ,  1964)*
The f lo w  o f  b lood  i s  p u l s a t i l e  and th e  p r e s s u r e  w ith in  an a r t e r y  
o s c i l l a t e s  w ith  each  h e a r t  b e a t .  The p eak  o f  th e  p r e s s u r e  c y c le  i s  
c a l le d  th e  s y s t o l i c  p r e s s u r e  and th e  lo w e s t p a r t  th e  d i a s t o l i c  p r e s s u r e .  
V ario u s ty p e s  o f  t r a n s d u c e r  can be used  to  d e t e c t  th e  s y s t o l i c  p r e s s u r e ,  
s te th o s c o p e ,  s t r a i n  gauge o r  u l t r a s o u n d  p ro b e ; th e  d i f f e r e n c e  betw een 
th e  s y s t o l i c  p r e s s u re  a t  th e  a n k le  and a t  a  p o in t  o f  r e f e r e n c e  in  th e  
arm h as  been used  a s  a  s im p le  means o f  e s t im a t in g  th e  d e g re e  o f  a r t e r i a l  
in s u f f i c i e n c y .  (G a s k e ll ,  1956; H o llin g  e t  a l ,  1961; Dahn, 1965; Yao e t  a l ,  
1968; Woodcock e t  a l ,  1972; C u ta ja r  e t  a l ,  1973)
M easurement o f  th e  v e l o c i ty  o f  b lood  from  th e  D opp ler s h i f t  o f  a  
beam o f  u lt r a s o u n d  was f i r s t  r e p o r te d  by Satom ura (1 9 5 9 ). The b a s i s  o f  • 
t h i s  te c h n iq u e  4 s  t h a t  moving p a r t i c l e s  ( in  b lo o d , th e  r e d  c e l l s )  p ro d u ce  
a  s h i f t  in  freq u en cy  o f  a  beam o f  u l t r a s o u n d  r e f l e c t e d  from  them . The 
s h i f t  in  fre q u e n c y  i s  p r o p o r t io n a l  to  th e  v e l o c i t y  o f  th e  p a r t i c l e s .  The 
d e te c t io n  o f  f lo w  in  v e s s e ls  too  sm a ll to  be p a lp a te d  le d  to  th e  r a p id  
developm ent o f  t h i s  te c h n iq u e . (F ra n k lin  e t  a l ,  1961; S tra n d n e s s  e t  a l ,  
1966, 1967; Yao e t  a l ,  1968; C u ta ja r  e t  a l ,  1 9 7 3 ).
S e v e ra l in v a s iv e  te c h n iq u e s  have a ls o  been  used  to  s tu d y  th e  c i r c u l a t i o n  
in  man.
The m ost commonly used  method o f  m easu ring  th e  f lo w  o f  b lo o d  i s  th e  
e le c tro m a g n e tic  f lo w m ete r. The method i s  based  on  th e  th e o ry  o f  
e le c tro m a g n e tic  in d u c t io n ,  and was used  f i r s t  by I b l i n  in  1936. A p ro b e  
c o n ta in in g  an e le c tro m a g n e t in  th e  form  o f  a  c u f f  i s  p la c e d  around  an 
a r t e r y  and m ost o f  th e  m ajor a r t e r i e s  o f  th e  body h av e  been  s tu d ie d
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i n  f lo w  w ith  tim e have been in v e s t ig a t e d .  Mean flow  i s  m easured from  
th e  a v e ra g e  v e l o c i ty  o f  f lo w  a c ro s s  th e  c ro s s  s e c t io n  o f  a  v e s s e l  o f  
known d iam ete r*  I f  th e  m a g n e tic  f i e l d  i s  n o t  u n ifo rm  a l t e r a t i o n s  in  
She v e l o c i t y  p r o f i l e  w i l l  a f f e c t  th e  r e a d in g s .
, A -fine h e a te d  w ire , o r  commonly a  th in  m e ta l l i c  f i lm  on a  ce ra m ic
C
fo rm er*  can b e  p la c e d  in s id e  a  b lo o d  v e s s e l  on th e  end o f  a  c a th e te r - .
1£ th e  f i lm  i s  a t  a  h ig h e r* te m p e ra tu re  th an  th e  su rro u n d in g  b lo o d  th e  h e a t  
l o s t  by c o n v e c tio n  w i l l  be  r e l a t e d  to  th e  lo c a l  v e l o c i ty  o f  th e  b lo o d .
Hie c u r r e n t  r e q u ir e d  to  m a in ta in  th e  f i lm  a t  a  c o n s ta n t  te m p e ra tu re  may , 
h e  u sed  a s  a  m easure o f  b lood  flo w  (Seed and Wood, 19 7 0 ). T h is  m ethod 
o f  m easu rin g  th e  v e lo c i ty  o f  b lood  i s  c a l le d  h o t  f i lm  anem om etry. The 
in t r o d u c t io n  o f  a  c a th e te r  w i l l  d i s tu r b  f lo w  w ith in  a  v e s s e l  o f  sm a ll s i z e ,  
h u t  i t  -can be used  in  la rg e  v e s s e l s  such a s  th e  a o r t a .
I n d ic a to r  d i l u t i o n  te c h n iq u e s  a re  used  commonly in  a s s e s s in g  c a r d ia c  
o u tp u t  d u r in g  r o u t in e  c a rd ia c  c a t h e t e r i s a t i o n .  They in v o lv e  i n j e c t i o n  
o f  v i s i b l e  dye and m easurem ent o f  th e  v a r i a t i o n  in  i t s  c o n c e n tr a t io n  w ith  
t im e . The in d i c a to r  i s  u s u a l ly  in d o c y an in e  g reen  d y e . The te c h n iq u e  i n ­
v o lv e s  ta k in g  sam ples o f  b lood  a t  tim ed i n t e r v a l s  and i f  r e p e a te d  may 
le a v e  th e  p a t i e n t  a  p e c u l ia r  and c h a r a c t e r i s t i c  c o lo u r .
By p la c in g  a th e rm is to r  on an i n j e c t i o n  c a th e te r  th e rm a l d i l u t i o n  may 
be u sed  to  m easure th e  f lo w  o f  b lo o d  around th e  t i p  o f  th e  c a t h e t e r .  
A dequate m ixing  o f  th e  th e rm a l in d i c a to r  w ith  th e  p a t i e n t 1s b lo o d  i s  a 
m ajo r s tu m b lin g  b lo c k  and b ecau se  o f  t h i s  i t s  v a l i d i t y  when a p p l ie d  to  th e  
s m a l le r  v e s s e l s  i s  in  d o u b t. (H ig g in s , 1974).
S in c e  th e  work o f  Womersley and McDonald on th e  m a th e m a tic a l a n a ly s i s  
o f  o s c i l l a t i n g  flo w  in  e l a s t i c  v e s s e l s  i t  h a s  been p o s s ib le  to  d e te rm in e  
flo w  from  m easurem ent o f  p r e s s u r e  v a r i a t i o n s  w ith  tim e (W om ersley, 1955; 
McDonald, 1960). I t s  v a l i d i t y  and a c c u ra c y  have been d e m o n stra te d  in  
dogs (McDonald and N ic h o ls , 1 9 73 ). S tu d ie s  in  man have been c o n f in e d  to
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I n t r a o p e r a t iv e  m easurem ent o f  a r t e r i a l  p r e s s u re  in  c o n ju n c tio n  
w ith  m easurem ent o f  f lo w  i s  now common and h as  been shown to  p ro v id e  
u s e f u l  in fo rm a tio n , (D e lin  and E kestrom , 1965; M annick and Ja c k so n , 1966; 
Mundth e t  a l ,  1969; T e rry  e t  a l ,  1970; Mooie and H a ll ,  1971)• I t  i s  
m easured by p u n c tu re  o f  th e  a r t e r y  w a ll w ith  a n e e d le  co n n ec ted  to  a
.C
p re s s u re  t r a n s d u c e r  v ia  a  f l u i d  f i l l e d  c a t h e t e r .
The in t r o d u c t io n  o f  m in ia tu re  c a th e te r  t i p  p r e s s u r e  tr a n s d u c e r s  may 
e l im in a te  th e  p rob lem s o f  th e  f l u i d  f i l l e d  c a th e te r  b u t  c a th e te r  t i p  
tr a n s d u c e r s  o f  th e  d iaphragm  ty p e  a re  c u r r e n t ly  too  ex p en s iv e  f o r  r o u t in e  
c l i n i c a l  u s e .
I t  h a s  been common p r a c t i c e  when s tu d y in g  p e r ip h e r a l  a r t e r i a l  
d is e a s e  to  in v e s t ig a t e  more th an  one p a ram e te r  a t  a tim e . T h is  i s  o n ly  
r e a s o n a b le  when i t  i s  remembered th a t  th e  m ajor v a r i a b le s  o f  p r e s s u r e  and 
f lo w  a r e  in s e p a ra b le  and , in  human s tu d ie s ,  u s u a l ly  u n c o n t r o l la b le .  The 
p a ra m e te rs  o f  f lo w  which have re c e iv e d  r e g u la r  a t t e n t i o n  a r e ,  mean r e s t i n g  
flo w , mean hyperaem ic flo w  and p u ls e  a m p litu d e . The p a ra m e te rs  o f  p r e s s u r e  
a r e  s y s t o l i c  p r e s s u r e  drop and p r e s s u r e ' p u ls e  a m p litu d e . I t  was a p p a re n t 
from  th e  e a r l i e s t  p le th y sm o g ra p h ic  s tu d ie s  t h a t  mean r e s t i n g  f lo w  in  
th e  le g  was n o t  r e l a t e d  to  th e  e x te n t  o f  d is e a s e ,  th e re  b e in g  no d i f f e r e n c e  
betw een p a t i e n t s  and norm al v o lu n te e r s  (Edholm e t  a l ,  1951; G a s k e ll ,  1956; 
H o llin g  e t  a l ,  1961; Dahn, 1965; S tra n d n e ss  and B e l l ,  1965; K roese , 1975; 
L assen  e t  a l ,  1963). In c re a se d  f lo w  in  th e  le g  h a s  been re c o rd e d  in  th e  
e a r ly  p o s t - o p e r a t iv e  p e r io d  a f t e r  a s u c c e s s fu l  o p e r a t io n .  (G a s k e ll ,  1956; 
K roese, 1975)* E vidence from  m easurem ent o f  mean f lo w  d u r in g  an o p e ra t io n  
i s  c o n f l i c t i n g .  Some w orkers have f e l t  a b le  to  g iv e  minimum v a lu e s  o f  
f lo w  below  which su c c e ss  i s  h ig h ly  im probab le  (C appelen  and H a l l ,  1964, 
1967; L i t t l e  e t  a l ,  1968; B arner e t  a l ,  1968; C ro n es tran d  and E kestrom , 
1970; T e rry  e t  a l ,  1972 ). O th ers  have been  u n ab le  to  r e l a t e  th e  
m easurem ents to  th e  outcome o f  o p e r a t io n .  (M annick and Ja c k so n , 1966;
32
i i w u - x u .  « -± j .  v .  v .  0 . 0 .  ,  i  ,  u c i i u i a i u  c l  d i  ,  I ? /  I f  uo t to n  e t  a.J-,
1972).
The d i f f i c u l t y  o f  m a in ta in in g  un ifo rm  c o n d i t io n s  o f  d r iv in g  p r e s s u r e  
and vasom otor to n e  o f  th e  v a s c u la r  bed le d  to  th e  u se  o f  v a s o d i l a t in g  
d ru g s , e g . p a p a v e r in e , in  o rd e r  to  d e te rm in e  th e  maximum flo w  p o s s ib le  
in  a  t r e a te d  v e s s e l  (G o ld ing  and Cannon, 1966; L a u rid se n , 1968; B ernhard  
e t  a l ,  1971)• A ttem pts to  r e l a t e  th e s e  m easurem ents to  c l i n i c a l  outcome 
have n o t  been s u c c e s s fu l  (C ro n e s tra n d  e t  a l ,  1968; B ernhard  e t  a l ,  1971; 
C otton  e t  a l ,  1972)•
A f te r  a  p e r io d  o f  e x e rc is e  o r  com plete  isch ae m ia  th e re  i s  a  c l e a r  
d i f f e r e n c e  in  mean f lo w  betw een norm al and d is e a s e d  p a t i e n t s  (G a s k e ll ,
1956; C u ta ja r  e t  a l ,  1971; Lewis e t  a l ,  1972; Dahn, 1965; L assen  e t  a l ,
1963). The long  term  r e s u l t s  o f  p a r t i c u l a r  o p e ra t io n s  have a ls o  been 
in v e s t ig a te d  by t h i s  method (T onnessen , 1972).
The u l t r a s o u n d  te c h n iq u e  m easures flo w  v e lo c i ty  and n o t  th e  q u a n t i t a t iv e  
flo w  o f  b lood  to  a  lim b , b u t i t  i s  u s e f u l  in  th e  s tu d y  o f  p u ls e  f lo w , 
p a r t i c u l a r l y  s in c e  i t s  i n i t i a l  o u tp u t i s  an a u d ib le  s ig n a l  (S tra n d n e s s  
e t  a l ,  1966, 1967; Yao e t  a l ,  1968). The q u a n t i f i c a t io n  o f  th e se  s ig n a l s  
and t h e i r  r e l a t i o n  to  th e  l e v e l s  and e x te n t  o f  d is e a s e  by G o slin g  and h i s  
co -w orkers was a m ajo r advance in  th e  s tu d y  o f  o c c lu s iv e  a r t e r i a l  d is e a s e  
(G o slin g  e t  a l ,  1969; F i tz g e r a ld  e t  a l ,  1971; G osling  e t  ' a l , .1971; Woodcock 
e t  a l ,  1972). The d e t a i l e d  c l i n i c a l  a p p l ic a t io n  o f  th e s e  m ethods to  th e  
s e le c t io n  o f  p a t i e n t s  f o r  s u r g ic a l  t r e a tm e n t h a s  been r e p o r te d  from  t h i s  
la b o ra to r y  (H a r r is  e t  a l ,  1974: C h arle sw o rth  e t  a l ,  1975 b? H a r r i s ,  19 7 4 ).
O b s tru c tio n  o f  any a r t e r y  can be d iag n o sed  'by m easu ring  th e  r e d u c t io n  
in  s y s t o l i c  p r e s s u r e  a s  th e  p u ls e  t r a v e l s  down i t .  (Edholm e t  a l ,  1951;
Dahn, 1965; S tra n d n e ss  and B e l l ,  1965? Yao, 1970; Lewis e t  a l ,  1972;
C u ta ja r ,  1973; A lla n  and T e rry , 1 9 69 ). I t  i s  a  much s im p le r  p ro c e d u re  
th a n  m easurem ent o f  b lood  f lo w  p a r t i c u l a r l y  when r e s t i n g  m easurem ents 
can be r e l a t e d  to  th e  e x te n t  o f  d i s e a s e ,  b u t i t  h a s  p roved  i n f e r i o r  to  
u lt r a s o u n d  s tu d ie s  in  s im u ltan e o u s  t r i a l s .  (Edholm e t  a l ,  1951; H o llin g
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o f  th e  a m p litu d e  and s lo p e  o f  th e  p r e s s u r e  p u ls e  have a ls o  been  shown to  
g iv e  a  b e t t e r  a s se ssm e n t o f  th e  e x t e n t  o f  a r t e r i a l  d is e a s e  th a n  
measurements o f  mean f lo w . (Jo h n s to n  and K akkar, 1973; Jo h n s to n  e t  a l ,
1975) .
The r e s i s t a n c e  o f  a  segm ent o f  a r t e r y  to  th e  flo w  th ro u g h  i t  was
r / 70^neasured by  Sumner and S tan d n ess  (19j6 8 ). They m easured  i t  by 
p le thy sm o g rap h y  u s in g  a  m ercury  in  s i l a s t i c  s t r a i n  gauge. They a d m itte d  
t h i s  was n o t  an a c c u ra te  m easure o f  a r t e r i a l  r e s i s t a n c e  b u t  th e y  showed 
t h a t  r e s i s t a n c e  was r e l a t e d  to  th e  e x te n t  o f  d i s e a s e .  R e s is ta n c e  o f  an 
o cc lu d ed  segm ent am ounted to  80^ o f  th e  t o t a l  r e s i s t a n c e  o f  a  limb*
They o b se rv ed  t h a t  a r t e r i a l  r e c o n s t r u c t io n  was th e  o n ly  e f f e c t i v e  means 
l i k e l y  to  red u ce  t h i s  r e s i s t a n c e .
S u g g e s tio n s  t h a t  v a r i a t i o n s  in  p r e s s u r e  m igh t a c c o u n t f o r  l a r g e  
v a r i a t i o n s  in  f lo w  in  th e  a r t e r i e s  o f  th e  l e g ,  le d  to  th e  m o n ito r in g  o f  
p r e s s u r e  when f lo w  was s tu d ie d  d u r in g  opera tions._ (M ann ick  and Ja c k so n ,
1966; T erry  e t  a l ,  19 7 0 ). When p r e s s u r e  was m easured in  a d d i t io n  to  f lo w  
i n  th e  a r t e r y  o f  i n t e r e s t ,  a r t e r i a l  r e s i s t a n c e  cou ld  be e s t im a te d  and 
ap p ea red  to  g iv e  a  s u re r  in d i c a t io n  o f  su c c e ss  th a n  e i t h e r  p r e s s u r e  o r  
f lo w  a lo n e  (D e lin  and E kestrom , 1965).
"C. T h e 'C o n c ep t o f  A r t e r i a l  Impedance 
'The r a t i o  o f  mean p r e s s u r e  and m ean f lo w , th e  r e s i s t a n c e ,  i s  a
s i g n i f i c a n t  p a ra m e te r  o f  th e  a r t e r i a l  system  (W eale e t  a l ,  1964; D e lin
70.
and E kestrom , 1965; Sumner and S tra n d n e s s ,  196$) b u t  i t  does n o t  ta k e  
i n t o  acc o u n t th e  o s c i l l a t o r y  n a tu r e  o f  f lo w . By a n a lo g y  to  e l e c t r i c a l  
c i r c u i t  th e o ry , th e  r e l a t i o n s h ip  betw een o s c i l l a t o r y  p r e s s u r e  and o s c i l l a t o r y  
flo w  a t  a  p o in t  in  th e  c i r c u l a t i o n  i s  term ed th e  in p u t  im pedance o f  th e  
system  d i s t a l  to  th e  m easu ring  s i t e .  T h is  r e l a t i o n s h ip  i s  o n ly  d e f in e d  f o r  
s in u s o id a l  waves and can o n ly  be computed f o r  a s in u s o id a l  p r e s s u r e  and 
s in u s o id a l  flo w  o f  th e  same f re q u e n c y .
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a m p litu d e s  (m odu li) o f  th e  two waves and th e  tim e r e l a t i o n s h ip  betw een 
th e  o s c i l l a t i o n s ,  th e  p h a se , f ig u r e  (4 )*  S in ce  fo r  any fre q u e n c y  t h i s  tim e 
r e l a t i o n s h ip  m ust be  c o n s ta n t ,  th e  tim e o r ig i n  from  which th e  m easurem ents 
a r e  made i s  a r b i t r a r y ,  i t  h a s  no e f f e c t  on  th e  v a lu e  o f  th e  im pedance.
X f th e  s in u s o id a l  p r e s s u r e  wave i s  d e s c r ib e d  by | P j cos ( r r r f t  + -© -) and
t h e  f lo w  wave by  Jq Jcos (zTT-f-fc + <£) w here f  i s  th e  f re q u e n c y  o f  th e  wave 
an d ^ -an d  <j> a r e  th e  p h a se s  o f  p r e s s u r e  and f lo w  r e l a t i v e  to  th e  a r b i t r a r y
. . .  i _ i  ' j p ltame o r i g i n ,  th e n  a t  th e  f re q u e n c y , f , th e  modulus o f  im pedance, YZ. 1 «  —— ■— 
a n d  th e  p h ase  o f  im pedance 3 t  -  w  j
Im pedance i s  u s u a l ly  p re s e n te d  a s  a  m odulus spec trum  and a  p h a se  
spec tru m  a g a in s t  f re q u e n c y . I f  a  wave can be b roken  down in to  a  s e r i e s  
o f  in d e p e n d e n t s in u s o id a l  waves th e n  th e  im pedance can be  d e te rm in e d  
f o r  each  o f  th e s e  waves in  tu r n .  A n a ly s is  o f  p r e s s u re  and f lo w  waveforms 
i n  t h i s  way i s  p o s s ib le  by th e  te c h n iq u e  o f  F o u r ie r  a n a l y s i s .  D e ta i le d  
d is c u s s io n  o f  th e  co n cep t o f  v a s c u la r  in p u t  im pedance i s  g iv e n  in  
c h a p te r s  by McDonald and G essner and in  th e  p a p e r  by O’Rourke and T a y lo r . 
(McDonald, 1974 c h a p te r  13; G essn e r, in  B e rg e l ,  1972, c h a p te r  10;
O’Rourke and T a y lo r , 1966).
F a c to r s  which a f f e c t  th e  In p u t Impedance a r e ,
v a r i a t i o n  in  th e  p r o p e r t i e s  o f  th e  a r t e r i a l  segm ent i n  which 
th e  m easurem ents a re  made and 
—r e f l e c t i o n  o f  waves t r a v e l l i n g  in  th e  a r t e r i e s .
The p r o p e r t i e s  o f  th e  a r t e r i a l  segm ent which a f f e c t  th e  in p u t  
im pedance a r e  th e  c h a r a c t e r i s t i c  im pedance o f  th e  system  a t  th e  p o in t  o f  
m easurem ent, Zo, and th e  p ro p a g a tio n  c o n s ta n t  IT  •
The c h a r a c t e r i s t i c  im pedance i s  th e  im pedance w hich would be o b ta in e d  
i f  th e re  were no r e f l e c t e d  waves p r e s e n t  a t  th e  m easu rin g  s i t e  and i t  i s  
d e te rm in e d  e n t i r e l y  by th e  p r o p e r t i e s  o f  th e  a r t e r i e s  u nder c o n s id e r a t io n  
and th e  f l u i d  in  them , th e  b lo o d . The p r o p e r t i e s  concerned  a r e  th e  
c ro s s  s e c t io n a l  a r e a ,  w a ll th ic k n e s s ,  and th e  v i s c o e l a s t i c i t y  o f  th e  
w a ll and th e  v i s c o s i t y  o f  th e  b lo o d .
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PR E S S U R E
TIME ( t )
F R E Q U E N C Y ,  f = _L 
T  
MODULUS O F  P  = | P |  
PH ASE  O F  P  =
Fig* (4) R e p re s e n ta tio n  o f  a p r e s s u r e  wave w hich v a r i e s
s in u s o id a l ly  w ith  tim e , d e f in in g  th e  te rm s , f re q u e n c y , 
m odulus and p h a se .
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tr a n s m is s io n  i n  th e  v e s s e l  o f  i n t e r e s t .  The r e a l  p a r t  o f /IT  (jReTT ^  
g iv e s  th e  am p litu d e  a t t e n u a t io n  o f  a  wave and th e  im ag in a ry  p a r t  (l ~ t )
g iv e s  th e  d e la y  im posed on th e  wave, o r  p h ase  s h i f t .  ImTT * JiL  where
•C.
*3»2.7rf and C = p h a se  v e l o c i ty  a t  f re q u e n c y  f .  A r e l a t i o n s h i p  betw een th e  
c h a r a c t e r i s t i c  im pedance and th e  p ro p a g a tio n  c o n s ta n t  can  be d e r iv e d  i f
C
we c o n s id e r  th e  im pedance p e r  u n i t  le n g th  o f  th e  v e s s e l ,  th e  lo n g i tu d in a l  
im pedance, d en o ted  .
The im pedance o f  a  le n g th  o f  a r t e r y  may be d e s c r ib e d  by th e  
p r e s s u r e  d i f f e r e n c e  betw een th e  ends d iv id e d  by th e  f lo w  th ro u g h  i t ,  
so  t h a t
i f  and a r e  th e  p r e s s u r e s  m easured a t  each  end o f  a  segm ent, 
le n g th  L,
.and Q i s  th e  flo w  th ro u g h  th e  segm ent
-th e  im pedance o f  th e  segm ent = P, — fL and
th e  im p e d a n c e /u n it le n g th  =
L *<*
As th e  le n g th  o f  th e  segm ent te n d s  to  z e ro ,
 te n d s  to  —
L  -3 2 .
I f  th e  p r e s s u r e  a t  any p o in t  can be d e s c r ib e d  by
P - |PU-r~
and  th e  f lo w  by Q  ~ | Q ]
where ] p ( i s  th e  i n i t i a l  c o n d i t io n  o f  p r e s s u re
■Ja l  i s  th e  i n i t i a l  c o n d i t io n  o f  f lo w
T i s  th e  p ro p a g a t io n  c o n s ta n t
3C i s  th e  d is ta n c e  o f  th e  p o in t  from  th e  i n i t i a l  p o in t
and f t * )  i s  some fu n c t io n  o f  o c
th e n  J P  *  - T i f U " r “ ’
H at.
^  T  P
d ^
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JJLZif: ■= I _11 1 = <* o
L * [ Q l  l « I
where Zo = c h a r a c t e r i s t i c  im pedance 
Now i  f o r  l a r g e  a r t e r i e s  (McDonald, 1960) 
w here p  = d e n s i ty  o f  th e  b lood  
S = lumen a r e a .
In  la r g e  a r t e r i e s  Xm i s much g r e a t e r  th a n  f i e . T
T » j»~>c
r  -■ Zuz.
j.P/6 *1 uJ> » JJr—
Z.« C-
V alues f o r  th e  p h ase  v e l o c i ty ,  c , can be d e r iv e d  from  th e  Moens- 
Korteweg e q u a tio n  o r  th e  B ram w ell-H ill e q u a t io n .  (McDonald, 1974 
P 253-255, Bram we 11 and H i l l ,  1922 ). •
so t h a t  /  ■ S. J -
2  _  o v -  —  ( / = »  1
0 “ S I  2 R:J s  V d v  j
where E = Y oung 's modulus o f  e l a s t i c i t y  o f  th e  w a ll
h = th e  w a ll th ic k n e s s  
R = r a d iu s  o f  th e  v e s s e l
= f r a c t i o n a l  r a t e  o f  change o f  volume o f  th e  v e s s e l  w ith
v  3F
p r e s s u r e  .
I t  m ust be n o te d  th a t  Zo can n o t be m easured in  a r t e r i e s  s in c e  i t  i s  
im p o ss ib le  to  remove a l l  so u rc e s  o f  r e f l e c t i o n ,  and so Zo can o n ly  be 
found by c a l c u la t io n .
The e f f e c t  o f  wave r e f l e c t i o n  in  a r t e r i e s  can b e s t  be e x p la in e d  
by c o n s id e r in g  th e  s im p le  case  o f  a  un ifo rm  s t r a i g h t  a r t e r y  c o m p le te ly  
c lo se d  a t  one en d . S in u s o id a l p r e s s u r e  waves a p p lie d  a t  th e  in p u t  w i l l
be r e f l e c t e d  a t  th e  c lo se d  end and i n t e r a c t  w ith  oncoming waves to  p ro d u ce
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d is ta n c e  o f  one q u a r te r  o f  a  w aveleng th  a p a r t .  I f  th e  p r e s s u r e  i s
m easured a t  a  q u a r te r  w aveleng th  from  th e  r e f l e c t i n g  s i t e  i t  w i l l  be 
a  minimum and so w i l l  th e  im pedance. For a  p a r t i c u l a r  s i t e  r e l a t i v e  to  
th e  so u rc e  o f  r e f l e c t i o n  th e  modulus o f  im pedance w i l l  v a ry  w ith  th e  
w aveleng th  and hence fre q u e n c y . I f  th e  end i s  c o m p le te ly  c lo se d  th e  . 
r e f l e c t i o n  c o e f f i c i e n t  f o r  th e  end , P , w i l l  have a v a lu e  o f  u n i ty  and 
r e f l e c t e d  waves a t  t h i s  p o in t  w i l l  have th e  same am p litu d e  a s  th e  fo rw ard  
wave. S m alle r v a lu e s  o f  P o ccu r when th e  end i s  p a r t i a l l y  c lo se d  and th e  
r e f l e c t e d  waves w i l l  be s m a lle r  th a n  th e  fo rw ard  wave. S in ce  a t t e n u a t io n  
o f  th e  wave o c c u rs  th e  r e f l e c t e d  wave even in  th e  ca se  o f  a  com plete  b lo c k  
w i l l  be s m a lle r  th an  th e  fo rw ard  wave. V a r ia t io n s  i n - t h e  am p litu d e  o f  th e  
im pedance a re  sm a ll when th e  r e f l e c t i o n  c o e f f i c i e n t  i s  low . The p h ase  
o f  im pedance o s c i l l a t e s  i n , a  s im i la r  m anner, i t  i s  n e g a t iv e  a t  low 
f re q u e n c ie s  and ap p ro x im a te ly  ze ro  when th e  w aveleng th  e q u a ls  4 tim es  
th e  d is ta n c e  to  th e  te rm in a t io n  (McDonald, 1974).
The a r t e r i a l  system  i s  r a r e l y  e q u iv a le n t  to  a s in g le  e l a s t i c  tu b e  
w ith  a  c lo se d  end e x c e p t when a f f e c te d  by a r t e r i o s c l e r o s i s .  R e f le c t io n s  
o ccu r a t  any p b in t  where th e r e  i s  a d i s c o n t in u i ty  in  th e . tu b e  eg . 
d ia m e te r  change, b ra n c h in g  e t c .  R e f le c t io n s  may ap p ea r from  s e v e r a l  
r e f l e c t i n g  s i t e s  d e te rm in e d .b y  th e  geom etry  o f  th e  v a s c u la r  system  and 
a t te n u a t io n ;  th e  r e s u l t  i s  a  l o c a l  r e f l e c t i o n  c o e f f i c i e n t  P(x) .
Impedance m easured in  th e  a sc e n d in g  a o r t a  i s  p a r t i c u l a r l y  a f f e c t e d  
by th e  geom etry  o f  th e  v a s c u la r  t r e e  s in c e  t h i s  a r t e r y  s e rv e s  two 
d i f f e r e n t  a n a to m ic a l a r e a s ,  th e  head  and arm s, and th e  t ru n k  and l e g s .  
R e f le c t io n s  from  th e s e  a r e a s  te n d  to  c a n c e l each  o th e r  o u t  so th e  
im pedance p re s e n te d  to  th e  l e f t  v e n t r i c l e  i s . f l a t .  In  c o n t r a s t  th e  
v a s c u la r  system  se rv e d  by th e  pulm onary a r t e r y  i s  sy m m etrica l and 
r e f l e c t i o n s  a r e  so enhanced th a t  o s c i l l a t i o n s  in  th e  a m p litu d e  o f  th e  
im pedance a re  q u i te  m arked.
S in ce  th e  a r t e r i a l  system  i s  by no means un ifo rm  ( th e  e l a s t i c
a re  num erous b ra n c h e s)  th e re  a r e  many r e f l e c t i o n s  o f  v a ry in g  m agn itude 
a t  d i f f e r e n t  d i s ta n c e s  from  th e  h e a r t .  However, in  a  system  o f  
random ly d i s t r i b u t e d  b ra n c h in g  tu b e s  th e  in p u t  im pedance i s  a lm o st 
co m p le te ly  in d e p en d en t o f  p e r ip h e r a l  ch an g es. (T a y lo r , 1966 ).
The v i s c o s i t y  o f  b lo o d  a f f e c t s  th e  p ro p a g a tio n  o f  p r e s s u r e  waves 
b u t  i t  does n o t  seem to  a f f e c t  th e  im pedance s i g n i f i c a n t l y .  (G e ssn e r , 1972)
D e r iv a t io n  o f  a  g e n e ra l r e l a t i o n  f o r  in p u t  im pedance a t  any p o in t ,
2 . ( ^ ) in  te rm s o f  th e  p r o p e r t i e s  o f  th e  a r t e r i a l  segm ent,"Zo/ITand th e  
r e f l e c t i o n  c o e f f i c i e n t  P i s  d e s c r ib e d  by G essner (1 9 7 2 ), and assum ing 
a  s in g le  e f f e c t iv e  te rm in a t io n  in  a  un ifo rm  tu b e , le n g th  L, i s  g iv e n  a s
z(x) = z0 i + n.
l -  r |_
where x  = d is ta n c e  a lo n g  th e  segm ent. I f  we u se  th e  e f f e c t i v e  lo c a l  
r e f l e c t i o n  c o e f f i c i e n t ,  P (x ) .
i -  n o * )
The in p u t  im pedance o f  an a r t e r i a l  segm ent i s  th e  im pedance a t  
x = 0 i e .
z o  °  t l ) '
F or h ig h  f r e q u e n c ie s  th e  a t t e n u a t io n ,* ^ ,  i s  l a r g e  so t h a t  esq) ( - 2 . T L )  
i s  v e ry  s m a ll, th en  Z(o) r  Z e  i e . ,  th e  c h a r a c t e r i s t i c  im pedance i s  
a p p ro x im a te ly  eq u a l to  th e  in p u t  im pedance a t  h ig h  f re q u e n c y . O 'R ourke 
and T ay lo r (1967) approx im ate  Zo by th e  im pedance above 15Hz, w h ile  
McDonald (1974) s u g g e s ts  th e  mean o f  v a lu e s  above 3Hz.
In p u t im pedance i s  th e  im pedance a t  th e  o r i g i n  o f  an a r t e r i a l  
n e tw o rk , which may o r  may n o t  be a  s in g le  v e s s e l ,  m o d if ie d  by th e  
r e f l e c t i o n s  p r e s e n t .  The r a t i o  o f  o s c i l l a t o r y  p r e s s u r e  and f lo w  in  th e  
fem o ra l a r t e r y  th e r e f o r e  e x p re s s e s  th e  in p u t  im pedance o f  th e  a r t e r i a l  
bed s u p p lie d  by th a t  a r t e r y .  ?
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th e  p r o p e r t i e s  o f  th e  v a s c u la r  bed which we w ish to  c h a r a c t e r i s e .
The fo llo w in g  c h a p te rs  a re  a  d e s c r ip t io n  o f  ex p e rim en ts  c a r r i e d  o u t  
to  t e s t  th e  h y p o th e s is  t h a t  in p u t  im pedance i s  a  good way o f  d e s c r ib in g  
th e  p r o p e r t i e s  o f  th e  v a s c u la r  bed and may p ro v id e  v a lu a b le  in fo rm a tio n  
on which to  b a se  th e  ch o ic e  o f  o p e ra t io n  in  p a t i e n t s  a f f e c t e d  by 
a r t e r i o s c l e r o s i s .
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A r te r io s c l e r o s i s  c r e a te s  c i r c u l a t o r y  p rob lem s in  th e  le g s  o£ 
th o u san d s o f  p e o p le  ev e ry  y e a r .  R e c o n s tru c tiv e  su rg e ry  i s  th e  o n ly  
e f f e c t i v e  means o f  c o r r e c t in g  th e  a b n o rm a lity  b u t  th e  r e s u l t  o f  an 
o p e ra t io n  can n o t be p r e d ic te d .  S e le c t io n  o f  p a t i e n t s  f o r  o p e ra t io n  
i s  b ased  on c l i n i c a l  in fo rm a tio n , s e l e c t io n  o f  th e  m ost a p p ro p r ia te  
o p e ra t io n  does n o t  have a  sound f a c t u a l  b a s i s .
The m a jo r i ty  o f  r e s e a r c h  h as  been d i r e c te d  tow ards m easurem ent o f  
th e  flo w  o f  b lood  and i t  seems l i k e l y  t h a t  t h i s  i s  an i n s e n s i t i v e  and 
in a p p ro p r ia te  p a ra m e te r . A re v ie w  o f  th e  l i t e r a t u r e  and o u r own 
e x p e r ie n c e  le a d  us to  b e l ie v e  t h a t  s im u ltan e o u s  m easurem ent o f  p u l s a t i l e  
p r e s s u re  and f lo w  may p ro v id e  much more u s e f u l  in fo rm a tio n  ab o u t th e  
a r t e r i a l  sy stem . The r e la t i o n s h ip  betw een o s c i l l a t o r y  p r e s s u r e  and 
o s c i l l a t o r y  f lo w  a t  a  p o in t  in  th e  c i r c u l a t i o n  i s  c a l le d  th e  im pedance.
f
We have in v e s t ig a te d  th e  d e r iv a t io n  and u se  o f  t h i s  p a ra m e te r  in  p a t i e n t s  
w ith  a r t e r i a l  d is e a s e  in  th e  l e g s .
4 2
Chapter 2.
MEASUREMENT TECHNIQUES EMPLOYED
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Range o f  A m plitude and Frequency R equ ired  
In  th e  a r t e r i a l  system  o f  man th e  p r e s s u r e  i s  a lw ays g r e a t e r  
th a n  a tm o sp h e ric  (760 mmHg a b s o lu te )  and m easurem ents a r e  u s u a l ly  
r e f e r r e d  to  a tm o sp h e ric  a s  a  b a s e l in e .  The p eak  p r e s s u r e  i s  r a r e l y  
g r e a t e r  than  200 mmHg above t h i s .  In  a  h e a l t ly  a d u l t  a r t e r i a l  p r e s s u r e  
v a r i e s  ev e ry  h e a r t  b e a t  betw een a  s y s t o l i c  p r e s s u re  o f  120 and a  
d i a s t o l i c  p r e s s u r e  o f  80 mmHg, though in  aged o r  a t h e r o s c l e r o t i c  p a t i e n t s  
i t  may re a c h  160/110 mmHg. In  dogs p eak  p r e s s u re  may re a c h  300 mmHg 
w ith  d i f f e r e n c e s  betw een s y s t o l i c  and d i a s t o l i c  g r e a te r  th a n  100 mmHg.
N in e ty  f iv e  p e r c e n t  o f  th e  t o t a l  v a r ia n c e  o f  a p r e s s u r e  wave can 
be r e p re s e n te d  by f iv e  h a rm o n ics . (McDonald, 1960). T h is  r e q u i r e s  a s * 
m easuring  system  w ith  a  freq u en cy  re sp o n se  un ifo rm  from  ze ro  to  8Hz in  human 
b e in g s  and an u pper l i m i t  o f  ab o u t 10Hz in  dogs (Y anof e t  a l ,  1963 ).
The e f f e c t  o f  o m it t in g  harm onics h ig h e r  th a n  th e  te n th  i s  s m a ll ,  15Hz
may be re g a rd e d  a s  th e  upper l i m i t  o f  s ig n i f i c a n c e  in  man. In  dogs 25Hz 
would be s u f f i c i e n t .  (Gabe, 1972).
There i s  a  la rg e  v a r i a t i o n  in  th e  fre q u e n c y  re sp o n se  re q u ire m e n t
from  one s i t e '  to  a n o th e r  b u t in  g e n e ra l  th e  more d i s t a l ^ a r t e r i e s  r e q u i r e
low er f r e q u e n c ie s  f o r  s u c c e s s fu l  r e p r e s e n ta t io n  o f  wave sh a p e s . (K ro v e tz  
and Goldbloom, 1974)*
I t  was concluded  th a t  th e  maximum freq u en cy  o f  i n t e r e s t  in  th e  
a r t e r i a l  p r e s s u r e  in  th e  human low er lim b was 10Hz and t h a t  m easurem ents 
o v er th e  ran g e  0. to  10Hz shou ld  be made in  a l l  th e  s tu d i e s .
D e s c r ip t io n  o f  th e  M easuring System Used 
P re s su re  was m easured th ro u g h  a  n e e d le  co n n ec ted  to  a  s t r a i n  gauge 
manometer and a m p l i f i e r .  To m easure p r e s s u r e  in  p a t i e n t s  d u r in g  's u rg e ry  
th e  n e e d le  was co n n ec ted  to  th e  manometer by a s h o r t  le n g th  o f  s t e r i l e  
n y lo n  tu b e . The manom eters were ty p e  P23Gb, an 'unbonded  s t r a i n  gauge 
tra n s d u c e r  made by S tatham  P h y s io lo g ic a l  T ra n sd u c e rs . These a re  
te m p e ra tu re  com pensated t r a n s d u c e r s  which when assem bled  have a  volum e
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volume e l a s t i c i t y  o f  1 .3  x 1 0 IU dyne/cm
The tr a n s d u c e r s  were co nnec ted  to  th e  n e e d le s  by s t a i n l e s s  s t e e l  
s to p c o c k s , which a re  made by E lem a-Schonander to  th e  s p e c i f i c a t i o n s  
recommended by Gabe, (1 9 7 2 ). The n y lo n  c a th e te r s  used  in  i n v e s t ig a t io n s  
on p a t i e n t s  were a b le  to  be s t e r i l i z e d ,  th e y  were made o f  v i r t u a l l y  
r i g i d  n y lo n  63 cm lo n g  w ith  an e x te r n a l  d ia m e te r  0 .3 6  cm and an i n t e r n a l  
d ia m e te r  0 .198  cm. The n e e d le s  used  were B rau n u la  G15, s iz e  1, 7 cm
lo n g  w ith  an e x te r n a l  d ia m e te r  0 .1 0  cm and an i n t e r n a l  d ia m e te r  0 .0635 cm.
;
The tra n s d u c e r s  were a t ta c h e d  to  E lem a-Schonander manometer a m p l i f i e r s  
model EMT311, f ig u r e  ( 5) .  The o u tp u t  o f . th e  a m p l i f ie r s  was fe d  to  a.
6 ch an n e l in k  j e t  c h a r t  r e c o r d e r ,  M ingograf 800, w ith  a  low g alvanom eter 
i n e r t i a  and hence a h ig h  freq u en cy  re s p o n s e .
For ex p erim en ts  in  th e  l a b o ra to r y ,  t r a n s d u c e r s ,  ta p s  and n e e d le s  
were l e f t  to  soak  in  b o i le d  w ater o v e rn ig h t .  They were th en  f i l l e d  s lo w ly  
and c a r e f u l ly  w ith  r e c e n t ly  b o i le d  d i s t i l l e d  w a te r u s in g  a  p l a s t i c  
s y r in g e .  S in ce  th e  ex p erim en ts  in v o lv ed  o n ly  s in u s o id a l  w aves, sm a ll 
a i r  b u b b le s  tra p p e d  in  th e  system  cou ld  be d e te c te d  by th e  d i s t o r t i o n  
th e y  p ro d u ced .
For m easurem ents on p a t i e n t s  i t  was e s s e n t i a l  t h a t  a l l  com ponents 
in  d i r e c t  o r  l i q u id  c o n ta c t  w ith  th e  p a t i e n t  o r  su rgeon  sh o u ld  be s t e r i l e .  
T h is  posed  l i m i t a t i o n s  on th e  c a l i b r a t i o n  p ro c e d u re  and th e  a c c u ra c y  o f  
th e s e  m easurem ents w i l l  be d is c u s s e d  l a t e r .  T ra n sd u c e rs , ta p s  and 
c a th e te r s  were s t e r i l i z e d  by im m ersion in  an aqueous s o lu t io n  o f  
c h lo ro h e x id in e  f o r  a minimum o f  20 m in u te s . T h is  a l s o  se rv e d  to  w et 
a l l  th e  s u r f a c e s  th o ro u g h ly . A f te r  assem bly  by th e  su rgeon  th e  system  
was f lu s h e d  s lo w ly  w ith  b o i le d  s t e r i l e  s a l i n e  from  a  p l a s t i c  s y r in g e .
The manometer and r e c o rd in g  system  were a llow ed  to  s t a b i l i s e  f o r  a 
minimum o f  30 m in u tes  and g e n t le  f lu s h in g  o f  th e  system  was perfo rm ed  
im m ed ia te ly  p r i o r  to  making m easurem ents.
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I.
F i g .  ( 5) The p r e s s u r e  m e a s u r in g  sy s te m .
The r a c k  c o n ta i n s  two manometer a m p l i f i e r s .
The t r a n s d u c e r  i s  shown i n  th e  f o re g ro u n d  w ith  
a c a t h e t e r  and a  s t a n d a r d  n e e d le  c o n n e c te d .
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c h a r t  r e c o r d e r .
The re sp o n se  o f  t h e .c h a r t  r e c o rd e r  v a r i e s  w ith  th e  am p litu d e  o f
d e f l e c t i o n  r e q u i r e d ,  th e  m a n u fa c tu re rs  c la im  a  f l a t  re s p o n se  to  650Hz
f o r  peak  to  p eak  d isp la c e m e n t o f  4 cm. The maximum d isp la c e m e n t i s  
8 .4  cm p eak  to  p eak . The fre q u e n c y  re sp o n se  was d e te rm in e d  u s in g  a  
c o n s ta n t  am p litu d e  s ig n a l  g e n e ra to r  w ith  th e  c h a r t  g a in  a d ju s te d  f o r  2 ,
4 and 8 cm d e f l e c t i o n s  f o r  a  s ig n a l  a t  1Hz. .
R e s u lts
For a l l  d e f le c t i o n s  th e  am p litu d e  was w ith in  1% to  100Hz, th e  
s m a lle r  d e f l e c t i o n s  were w ith in  5% a t  200Hz. A lthough th e  am p litu d e  o f  
th e  8 cm t r a c e  was c o n s ta n t  up to  100Hz th e re  was some d i f f i c u l t y  in  
re a d in g  t r a c e s  above ab o u t 60Hz.
E xperim ent 2 . To e v a lu a te  th e  s t a t i c  perfo rm an ce  o f  th e
m easu rin g  sy stem .
S t a t i c  c a l i b r a t i o n  was u n d e rta k e n  to  d e te rm in e
s t a b i l i t y  -  o u tp u t w ith  r e s p e c t  to  tim e
l i n e a r i t y  -  o u tp u t o v e r th e  r e q u ir e d  ran g e
h y s t e r e s i s  -  e f f e c t  o f  d i r e c t i o n  o f  changes on o u tp u t  v a lu e .  
C a l ib r a t io n s  were perfo rm ed  by c o n n e c tin g  th e  t r a n s d u c e r  w ith o u t 
n e e d le  o r  c a th e te r  c o n n e c tio n s  to  a column o f  w a te r , by a  th r e e  way ta p .
The h e ig h t  o f  th e  column cou ld  be s e t  to  w ith in  1 mm, i e .  p r e s s u r e  cou ld
be s e t  to  b e t t e r  th an  0.1  mmHg. O utput o f  th e  manometer a m p l i f i e r  was
\
to  a  d i g i t a l  v o ltm e te r  and to  th e  c h a r t  r e c o r d e r .
R e s u lts
S t a b i l i t y ;
A c o n s ta n t  p r e s s u r e  o f  50 mmHg was a p p l ie d  g iv in g  a  12 . 5  mm am p litu d e  
t r a c e .  The t r a c e  cou ld  be re a d  to  0 .5  mm, 2 mmHg o r  4% o f  th e  a p p l ie d  
p r e s s u r e ,  2% o f  f u l l  s c a le  d e f l e c t i o n .  No change in  o u tp u t  g r e a t e r  
than  0 .5  mm, (2mmHg) was d e te c te d  o v e r a  p e r io d  o f  5 h o u rs .
L in e a r i ty ;
L in e a r i ty  was d e te rm in e d  from th e  c h a r t  r e c o rd  h e ig h t  f o r  1 3 .6  cm
4 7
. was w ith in  0 .5  mm, 2% F .S .D .,  and th e re  was no d e te c ta b le  h y s t e r e s i s .
C a l ib r a t io n  was re p e a te d  a t  w eekly i n t e r v a l s  th ro u g h o u t th e  s tu d y  
and no p e r c e p t ib l e  change in  a m p li f i e r  p r o p e r t i e s  was n o te d .
E xperim ent 3 . To e v a lu a te  th e  dynam ic perfo rm an ce  o f
th e  m easu rin g  system
R igorous dynam ic c a l ib r a t i o n  o f  th e  p r e s s u r e  re c o rd in g  system  in
th e  o p e ra t in g  th e a t r e  was n o t  p e r m is s ib le .  I t  was th e r e f o r e  d ec id ed  t h a t
c a l i b r a t i o n  sh o u ld  be perfo rm ed  in  th e  la b o ra to r y  on th e  system  p re p a re d
a s  f o r  th e  th e a t r e  m easurem ents u s in g  o n ly  p r e c a u t io n s  which were
a v a i la b l e  in  th e  t h e a t r e . >
(a )  C a l ib r a t io n  by fo rc e d  o s c i l l a t i o n
S in u s o id a l p r e s s u r e  changes in  th e  ran g e  0 to  10Hz were p roduced  in  
a  w ater f i l l e d  ru b b e r  tu b e  by a  sc o tc h  yoke assem bly  w ith  sm a ll d is p la c e m e n t. 
Two p r e s s u r e  n e e d le s  were in s e r t e d  th ro u g h  th e  w a ll o f  th e  tu b e  to  l i e  
a d ja c e n t  in  th e  m id - l in e  o f  th e  tu b e . One was connec ted  d i r e c t l y  to  a 
t r a n s d u c e r  and used  a s  a  m o n ito r . The o th e r  was co nnec ted  v ia  th e  
n y lo n  th e a t r e  c a th e te r  to  a s im i la r  t r a n s d u c e r .  O utput o f  th e  
m anom eters w as^recorded  on th e  c h a r t  r e c o rd e r  f o r  f r e q u e n c ie s  0 to  10Hz. 
T races  were re a d  to  + 0 . 5  mm.
R e s u lts
The r e s u l t s  a re  shown w ith  e r r o r  b a r s  r e p r e s e n t in g  + 0 .5  mm in  
f ig u r e  ( 6 ) .  T here was no m easu rab le  p h ase  la g  in  th e  ra n g e  o f  f r e q u e n c ie s  
which th e  sc o tc h  yoke co u ld  p ro d u c e . The a m p litu d e  was w ith in  2.5% up 
to  10Hz and th e  p h ase  w ith in  4° •
(b ) C a l ib r a t io n  by f r e e  v ib r a t io n
A r i g i d  ta n k  was f i t t e d  w ith  a  ru b b e r  bung c lo s e  to  th e  b a s e .  The 
bung was p ie rc e d  by a  tap  and one o r  more s ta n d a rd  n e e d le s .  The ta n k  
was f i l l e d  w ith  b o i le d  w a te r and th e  h in g ed  a i r - t i g h t  l i d  c lo s e d ,  
f ig u r e  (7)* S tu d ie s  were perfo rm ed  w ith  th e  n e e d le s  co n n ec ted  d i r e c t l y
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F ig  (6 ) R e s u lts  o f  c a l i b r a t i o n  o f  c a th e te r  manometer
system  fo r  th e a t r e  u se  by fo rc e d  o s c i l l a t i o n s .  
Both am p litu d e  and p hase  a re  r e l a t i v e  to  th e  
o u tp u t  o f  -a m o n ito r t r a n s d u c e r .  E rro r  b a rs  
r e p r e s e n t  0 .5  mm on th e  c h a r t  r e c o r d .
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F ig  ( 7 ) A ppara tu s  f o r  dynam ic c a l i b r a t i o n  by f r e e  
v ib r a t i o n .
c o n n e c tin g  th e  n e e d le s  and t r a n s d u c e r s  assem bled  a c c o rd in g  to  th e  
r o u t in e  f o r  t h e a t r e  m easurem ents# W ater was a llow ed  to  ru n  from  th e  
ta p  u n t i l  h e ld  by th e  r e s u l t i n g  vacuum, ie#  th e  p r e s s u r e  a t  th e  ta p  was 
e q u a l to  a tm ospheric#  The ta p  was th e n  c lo se d  to  av o id  f lo o d in g  and 
th e  l i d  f l i c k e d  open s h a rp ly ,  p ro d u c in g  a .S tep  o f  p r e s s u r e  a t  th e  n e e d le .  
The o u tp u t  c f  th e  p r e s s u r e  system s were re c o rd e d  on th e  c h a r t  r e c o r d e r  . 
ru n  a t  500 o r  1000 m m /sec. T y p ic a l re sp o n se s  a re  shown in  f ig u r e  (8)#
'By m easu ring  th e  h e ig h t  o f  s u c c e s s iv e  p e a k s , and D^ ^ , th e
damping c o e f f i c i e n t ,  p  , and th e  r a t i o  o f  n a t u r a l  fre q u e n c y  to  damped 
o s c i l l a t o r y  f re q u e n c y , f Q/ f D, were d e te rm in ed  from  t a b l e s .  (G abe, 1972 ). 
Damped o s c i l l a t o r y  fre q u e n c y  ( f ^ )  was d e te rm in ed  from th e  d i s ta n c e  betw een 
s u c c e s s iv e  p eak s  and th e  c h a r t  sp eed , and hence f  c a l c u la te d .  . The r a t i o  
o f  th e  freq u en cy  o f  i n t e r e s t  to  th e  n a t u r a l  fre q u e n c y  ( f  ) i s  term ed th e  
r e l a t i v e  freq u en cy  and i s  den o ted  by • F re q u e n c ie s  o f  i n t e r e s t  
were c o n s id e re d  to  be 10Hz and 20Hz so t h a t  J and T  were d e r iv e d .
Assuming a  s in g le  d eg ree  o f  freedom  system  i t  i s  p o s s ib le  to  
d e te rm in e  th e  am p litu d e  d i s t o r t i o n  and p h ase  la g  which w i l l  o c c u r a t  th e  
g iv en  f re q u e n c y  from v a lu e s  o f  p> and by r e f e r e n c e  to  th e  c h a r t s  o f  
re sp o n se  to  fo rc e d  o s c i l l a t i o n s  g iv e n  by Gabe (1972) and McDonald (1974)*
A m plitude e r r o r s  w i l l  be l e s s  th a n  5% a t  10Hz f o r  a l l  v a lu e s  o f  p  
i f  "Jf" i s  l e s s  th a n  0 .2  i e .  f  i s  g r e a t e r  th a n  50Hz. S im i la r ly  i f f "  i s  
l e s s  th a n  0 .1 3  ( f  i s  g r e a t e r  th a n  77Hz) e r r o r s  w i l l  be l e s s  th a n  2%. 
R e s u lts
For low  v a lu e s  o f  p  th e  a c c u ra c y  w ith  which th e  c h a r t s  co u ld  be 
re a d  was poor so la rg e  s c a le  c h a r t s  were p roduced  by c a l c u l a t i o n .  The 
r e s u l t s  o f  a s e r i e s  o f  t e s t s  a re  shown in  T ab le  ( 2 ) .
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F ig . (8) T y p ic a l re sp o n se s  o f  th e  two m easu ring  system s to  a 
s te p  in p u t  o f  p r e s s u r e .
5 2
Mean D isto rtio n
fp  (3 A m plitude (%) Phase ( ° )
(Hz) 10 Hz 20 Hz 10 Hz 20 Hz
N eedle o n ly  80 .7  0 .129  +1.8 +6.3 - 2 .7  - 4 .9
C a th e te r
and N eedle 43 .6  0 .176  + 5 .0  +17.0  - 5 .0  - 9 .8
Table ( 2 )
Mean r e s u l t s  o f  a s e r i e s  o f  f r e e  v ib r a t io n  t e s t s  on b o th  p r e s s u r e  
m easu ring  sy s tem s , f ^  i s  damped re s o n a n t f re q u e n c y , p  i s  th e  damping 
c o e f f i c i e n t .
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The r e s u l t s  o f  th e  s t a t i c  c a l i b r a t i o n  p re s e n te d  h e re  were a t  th e  
l i m i t  o f  m easurem ent p r e c i s io n  and d id  n o t  c o n t r a d ic t  p re v io u s  work.
The s t a b i l i t y  and a c c u ra c y  o f  P23G ty p e  tr a n s d u c e r s  was in v e s t ig a t e d  ' 
th o ro u g h ly  by F ry  and h i s  c o lle a g u e s  (F ry  e t  a l ,  ,1957)* They found 
te m p e ra tu re  s t a b i l i t y  to  be e x c e l le n t  w ith  b a s e l in e  d r i f t  o f  l e s s  th an  
0 .0 6  mmHg/^C and c a l ib r a t i o n  f a c t o r  d r i f t  l e s s  th a n  0.25% /°C . They 
re p o r te d  " e x c e l le n t "  a c c u ra c y , showing l i n e a r i t y  to  be w ith in  + 1% o f  
f u l l  s c a le  d e f l e c t i o n  (+ 4 mmHg) from  l e s s  th a n  -  40 to  more th an  
360 mmHg and maximum h y s t e r e s i s  to  be l e s s  th a n  0.5% F .S .D . o r  l e s s  th an  
2*1 mmHg.
The r e s u l t s  o f  c a l i b r a t i o n  by fo rc e d  o s c i l l a t i o n  su g g e s t t h a t  in  th e  
fre q u e n c y  ran g e  a v a i la b le  th e  e f f e c t  o f  th e  c a th e te r  on a m p litu d e  
d i s t o r t i o n  and p h ase  d e la y  i s  v e ry  s m a ll .  The fre q u e n c y  re sp o n s e  o f  th e  
P23Gb tr a n s d u c e r  i t s e l f  i s  w ith in  5% up to  90Hz. (Y anof e t  a l ,  1 9 63 ).
G e n e ra to rs  to  p roduce  s in u s o id a l  p r e s s u re  waves o f  c o n s ta n t  am p litu d e  
have been  c o n s tru c te d  b u t i t  i s  s im p le r  to  in c lu d e  a m o n ito r in g  tr a n s d u c e r  
in  th e  g e n e ra to r  and to  m easure a m p litu d e  and p h ase  changes r e l a t i v e  to .  
t h i s .  ^  .
In  o u r system  th e  p r e s s u re  m o n ito r in g  tra n s d u c e r  was a t ta c h e d  to
th e  so u rce  o f  o s c i l l a t i o n s  by a  n e e d le .  The e f f e c t  o f  t h i s  n e e d le  on
* th e  fre q u e n c y  c h a r a c t e r i s t i c s  was unknown, though i t  h a s  been  shown th a t
th e  damped n a t u r a l  freq u en cy  o f  a c a th e te r  and n e e d le  system  i s  s e n s i t i v e
to  th e  b o re  o f  th e  n e e d le  (S h ap iro  a n d K r o v e t z ,  1 9 70 ). In  th e  s in g le
d eg ree  o f  freedom  model f o r  c a th e te r  system s damping i s  due to  th e
r e s i s t a n c e  o f  th e  tu b e  and i s  g iv e n  by
S u L
r e s i s t a n c e  = —'--------
where i s  th e  v i s c o s i t y  o f  th e  f l u i d  in  th e  t u b e .
L i s  th e  le n g th  o f  th e  tu b e  
and Y* i s  t*16 r a d iu s  o f  th e  tube
By t h i s  fo rm u la  th e  r e s i s t a n c e  o f  th e  c a t h e te r  i s  l e s s  th a n  one
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system  w i l l  be d e te rm in ed  by th e  n e e d le .  The t r u e  re sp o n se  o f  th e  
c a th e te r  and n e e d le  system  i s  th e  re sp o n se  d e r iv e d  from  fo rc e d  
o s c i l l a t i o n  p lu s  th e  re sp o n se  o f  th e  m o n ito r in g  sy stem .
The fre q u e n c y  re sp o n se s  o f  b o th  m easu rin g  system s to  fo rc e d  o s c i l l a t i o n s  
were c a lc u la te d  from th e  e q u a t io n s ;
A _  _______ 1__________  , „ - OjtuL i  s. 4ayv *2. filT
" co-rT - n .
u s in g  th e  av e ra g e  v a lu e s  o f  f ^  and p  o f  th e  f r e e  v ib r a t io n  method shown 
in  T able ( 2) .  The c a lc u la te d  re sp o n se s  a re  shown in  f ig u r e  (9)* At  5Hz 
th e  d i f f e r e n c e  in  am p litu d e  betw een th e  c a th e te r  and n e e d le  system  and 
th e  n e e d le  a lo n e  i s  l e s s  th a n  1% and th e  p h ase  d i f f e r e n c e  1 .4°*  At 10Hz 
th e  a m p litu d e s  d i f f e r  by 3.5% and th e  p h a se s  by 3 ° . I f  th e  s im p le  
a n a ly s i s  were v a l id  t h i s  d i f f e r e n c e  would co rresp o n d  to  th e  re sp o n se  
shown in  f ig u r e  ( 6 ) .  T here a p p e a rs  to  be some d is c re p a n c y  betw een th e  
two, th e  f r e e  v ib r a t io n  method s u g g e s tin g  a  t o t a l  am p litu d e  e r r o r  o f  
5% f o r  th e  c a th e te r  and n e e d le  system  a t  10Hz.
The mean r e s u l t s  o f  th e  f r e e  v ib r a t io n  m ethod (T ab le  2) show bo th  
system s to  be' o n ly  l i g h t l y  damped w ith  r e l a t i v e l y  sm a ll e r r o r s  up to  
10Hz. The p r e c i s io n  o f  th e  f r e e  v ib r a t io n  m ethod fo r  th e  p r e d ic t io n  
o f  th e  r e l a t i v e  am p litu d e  a s  a  f u n c t io n  o f  freq u en cy  i s  l im i t e d ,  th e  
e r r o r  in  r e s i s t a n c e  and hence damping depends on th e  p a ra m e te r  otv and, 
th e r e f o r e  on fre q u e n c y  and r a d iu s  (W omersley, 1957 a ) .  S in ce  th e  f r e e  
v ib r a t io n  m ethod d e r iv e s  th e  damping from  th e  re so n a n c e  p eak  th e r e  may 
be s i g n i f i c a n t  e r r o r s  in  p> and th u s  a m p litu d e  f o r  f r e q u e n c ie s  n e a r  
re s o n a n c e . For low f re q u e n c ie s  r e l a t i v e  to  th e  r e s o n a n t  f re q u e n c y  th e  
d i f f e r e n c e  in  damping i s  s m a l le r .
I t  was c a lc u la te d  t h a t  f o r  a  n e e d le  and tr a n s d u c e r  w ith  a  r e s o n a n t  
fre q u e n c y  o f  80Hz th e  damping c o e f f i c i e n t  a t  20Hz was o n ly  1 % g r e a t e r  
th a n  p r e d ic te d  by th e  s im p le  e q u a tio n  f o r  r e s i s t a n c e  and o n ly  12% 
g r e a t e r  a t  re so n a n c e . I f  th e  re so n a n c e  fre q u e n c y  o f  th e  c a th e .te r  and
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F ig  (9 ) The c a lc u la te d  re sp o n se  o f  th e  two p re s s u re  
m easu ring  system s to  fo rc e d  o s c i l l a t i o n s ,  
a  d e n o te s  system  w ith  n e e d le  o n ly  
>C d e n o te s  system  w ith  c a th e te r  and n e e d le  
The d o t te d  l i n e s  show th e  e f f e c t  o f  a p p ly in g  
W omersley1s c o r r e c t io n  to  th e  r e s i s t a n c e  
com ponent.
5 6
r e s i s t a n c e  and damping c o e f f i c i e n t  -would have n e a r ly  d o u b le d . I t s  
r e s i s t a n c e  i s  s t i l l  c o n s id e ra b ly  low er th a n  t h a t  o f  th e  n e e d le  which 
th e r e f o r e  p red o m in a te s  th e  dam ping. The t o t a l  in c re a s e  in  damping 
w i l l  be a p p ro x im a te ly  19% f o r  th e  combined system , in c r e a s in g  th e  
damping to  a p p ro x im a te ly  0 .2 1 . The r e s u l t  o f  a p p ly in g  th e  c o r r e c t io n  
in  th e  ran g e  0 to  15Hz i s  shown by th e  d o t te d  l i n e s  in  f ig u r e  (9)*  
There i s  no s i g n i f i c a n t  e f f e c t  on th e  d i f f e r e n c e  betw een th e  re s p o n s e s  
o f  th e  two sy s tem s .
5 7
The E le c tro m a g n e tic  Technique
A ttem p ts have been made to  m easure b lo o d  f lo w  by e le c tro m a g n e tic  
d e v ic e s  f o r  40 y e a r s  (T e r ry , 1972; D edichen , 1974 ). The p r i n c i p l e  
o f  o p e ra t io n  o f  th e s e  d e v ic e s  i s  shown in  f ig u r e  (1 0 )•  The m ethod 
c o n s i s t s  o f  th e  r e c o rd in g  o f  an e l e c t r i c a l  p o t e n t i a l  p roduced  in  a 
moving c o n d u c tin g  medium by a  m a g n e tic  f i e l d  and b lo o d  f lo w in g  in  an . 
a r t e r y  i s  such a  medium*
D e s c r ip t io n  o f  th e  Flow m eter Used
Flow m eters m ust p e rfo rm  th e  fo llo w in g  fu n c t io n s .
a ) G en era te  th e  n e c e s s a ry  m agnet e x c i t a t io n  c u r r e n t .
b) S e p a ra te  th e  flo w  s ig n a l  from  n o is e  and o th e r  unw anted s ig n a l s .
c) A m plify th e  f lo w  s ig n a l  to  a s u i t a b le  l e v e l  f o r  an in d i c a to r  o r  
o th e r  o u tp u t d e v ic e s .
The f lo w  m easu rin g  system  we used  c o n s is te d  o f  2 N ycotron  f lo w m e te rs , 
ty p e  376, combined in  a  r a c k  w ith  an i n t e g r a t o r ,  ty p e  393 f ig u r e  (.11 )•
The a c c u ra c y  o f  th e  in s tru m e n t i t s e l f  i s  c la im ed  to  be + 3% and w ith  
p r e c a l ib r a t e d  p ro b e s  b e t t e r  th an  10%. O utpu t n o is e  was s a id  to  be l e s s  
th a n  100 m v /l 'v -fo r  th e  5Hz s e le c te d  bandw idth  b u t  i t  i s  u s u a l ly  much l e s s  
th a n  t h i s .  The 376 flow m eter i s  a sq u a re  wave in s tru m e n t,  m easurem ent 
ta k in g  p la c e  b o th  in  th e  p o s i t i v e  and n e g a t iv e  p h a se s  o f  th e  m agnet 
e x c i t a t io n  which i s  4  amp p eak  to  p eak  a t  2 .4  v  and 228Hz, f i g u r e  (1 2 ) .  
G ating  <?f th e  incom ing s ig n a l  i s  accom plished  by a  n e tw o rk  ru n n in g  a t  
tw ic e  th e  e x c i t a t io n  freq u en cy  so t h a t  th e  flo w  s ig n a l  i s  m easured  d u r in g  
the. second and f o u r th  q u a r te r s  o f  each m agnet c y c le  ( t ^  -  t  i n  f i g u r e  (1 2 ) 
when tra n s fo rm e r  t r a n s i e n t s  o c c u r r in g  a t  ,t  w i l l  have decayed  away.
These t r a n s i e n t s  a re  f u r t h e r  su p p re sse d  by th e  u se  o f  a  f i l t e r  p u ls e  
o c c u r r in g  each  tim e th e  m agnet v o l ta g e  changes and l a s t i n g  f o r  0 .6  m s. 
D uring t h i s  p u ls e  th e  g a in  o f  th e  in p u t  a m p l i f i e r  i s  red u ced  from  600 
to  2 .
The in p u t  a m p l i f ie r  c o n s i s t s  o f  th r e e  s t a g e s .  The f i r s t  s ta g e  i s  a  
d i f f e r e n t i a l  casco d e , th e  second p ro v id e s  d i f f e r e n t i a l  fe e d b a c k  and th e
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F ig  (lO ) P r in c ip le  o f  o p e ra t io n  o f  the  e le c tro m a g n e tic  
flo w m ete r.
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F i g .  ( l l )  The f lo w  m e a s u r in g  sy s te m .
Two f lo w m e te r s  and an i n t e g r a t o r  u n i t  a r e  shown.
A c u f f  ty p e  p ro b e  i s  on th e  l e f t  and a c a n n u l a t i n g  
p ro b e  on th e  r i g h t .
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F ig  (12) O p e ra tio n  o f  N ycotron 376 f lo w m ete r.
t  -  t  th e  la rg e  t r a n s i e n t s  on th e  in p u t  a r e
o 1
reduced  by a d d i t io n a l  f i l t e r i n g ,  
t  -  t^  th e  f i l t e r  i s  removed and decay  o f  
t r a n s i e n t s  c o n t in u e s ,  
tg  -  t  th e  g a te  i s  opened and th e  in p u t  s ig n a l  
m easured .
>6 1
by th e  g a t in g  sy stem , a  f u r t h e r  a . c .  a m p l i f i e r ,  a  dem odu la to r to  
s e p a ra te  th e  f lo w  s ig n a l  from  th e  e x c i t a t io n  wave, and a  d . c .  o u tp u t  
a m p l i f i e r .
The o u tp u t  s ig n a l  i s  f i l t e r e d  to  g iv e  th e  bandw idth  s e le c te d ,
5 , 15 o r  50Hz# T h is  f i l t e r i n g  i s  accom plished  in  th r e e  s ta g e s ,  shown 
s im p l i f ie d  in  f ig u r e  (1 3 ) .  The f i r s t  s ta g e  i s  th e  com bination  R ^ , 
where R  ^ i s  c o n t ro l le d  by th e  g a in  and s e n s i t i v i t y  s e t t in g s - a n d 'C  by 
th e  sw itc h  s e le c te d .  The second s ta g e  i s  a  lo w -p ass  n e tw o rk  w ith  
3dB p o in t  a t  50Hz and a  maximum a t t e n u a t io n  a t  100Hz. The th i r d  s ta g e ,  
R2C2 , h a s  R^ f ix e d  and s e le c te d  by th e  p a n e l s w itc h e s .
The maximum v o lta g e  p roduced  a t  th e  in n e r  w a ll o f  th e  v e s s e l  by 
movement o f  b lo o d  i s  p e rp e n d ic u la r  to  th e  d i r e c t i o n  o f  f lo w  and th e  
m a g n e tic  f i e l d .  T ran sd u ce rs  made to  f i t  around th e  v e s s e l  a r e  term ed 
"cu ff*1 p ro b e s .  The v e s s e l  m ust be an e l e c t r i c a l  co n d u c to r and th e  
se n s in g  e le c t r o d e s  m ust be in  good c o n ta c t  w ith  th e  o u te r  w a l l .  I t  i s  
p o s s ib le  to  p la c e  e l e c t r o d e s  in  c o n ta c t  w ith  th e  f l u i d  by em bedding them 
in  th e  w a ll o f  a  tu b e . These a re  term ed c a n n u la tin g  o r  " i n - l i n e "  p ro b e s .  
In  o rd e r  to  use'"them  th e  a r t e r y  m ust be d iv id e d  and t h i s  i s  u n a c c e p ta b le  
in  c l i n i c a l  work, b u t  i s  s u i t a b le  f o r  e x p e rim e n ta l work in  th e  la b o r a to r y  
and f o r  e x t r a - c o r p o r e a l  c i r c u i t s ,  f ig u r e  ( l l ) «
O r ig in a l ly  we used  N ycotron  p ro b e s  ty p e  PS. The f a i l u r e  o f  th e s e  
p ro b e s  to  w ith s ta n d  r e p e a te d  a u to c la v in g  d e s p i t e  th e  m a n u fa c tu re r s 1 
w r i t t e n  c la im  caused  t h e i r  re p la c e m e n t by p ro b e s  made by a/ s S k a tro n , 
fro m .N o rd ic  System s. These a r e  s m a lle r  and ch ea p e r th e n  th e  N yco tron  
p ro b e s .  The e le c t r o d e s  a r e  s t a i n l e s s  s t e e l  in s te a d  o f  p la t in u m .
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ZERO ADJUST AMPLIFIER
F ig  (13) S im p lif ie d  a rrangem en t o f  th e  flow m eter o u tp u t 
f i l t e r  n e tw o rk s .
Most o f  th e  f i l t e r i n g  i s  ach iev ed  by th e  low 
p ass  n e tw o rk , Z-j
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S t a t i c  c a l i b r a t i o n s  were perfo rm ed  in  v i t r o  a s  fo l lo w s :
E xperim ent 4» To compare th e  o u tp u t o f  th e  flow m eter w ith  flo w
m easured by tim ed c o l l e c t io n  and to  i n v e s t i g a t e  v a r i a t i o n s  
in  s e n s i t i v i t y  due to  th e  f lo w n e te r .
E xperim ent 5* To c a l i b r a t e  c u f f  ty p e  p ro b e s  u s in g  a tu r n t a b le  assem b ly . 
E xperim ent 6 ; To c a l i b r a t e  c u f f  ty p e  p ro b e s  by d i r e c t  c o l l e c t io n  and 
by th e  in t e g r a t i o n  te c h n iq u e  su g g e s te d  f o r  in -v iv o  
c a l i b r a t i o n .
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v a r i a t i o n s  in  s e n s i t i v i t y  due to  th e  flow m eter
Method
A c u m u la t in g  p ro b e  6 mm in  d ia m e te r  was used  to  d e te rm in e  th e  
r e l a t i o n s h ip  betw een th e  f lo w  m easured by th e  flow m eter and f lo w  
m easured by tim ed c o l l e c t i o n .
The p ro b e  was f i r s t  c le a n e d  u s in g  d e n ta l  a b ra s iv e  and a  n y lo n  
b o t t l e - b r u s h .  I t  was th e n  co n n ec ted  in  a  le n g th  o f  ru b b e r  tu b in g  th ro u g h  
which a  f l u i d  o f  v i s c o s i t y  3 .4 6  cP flow ed  a t  a  r a t e  d e te rm in e d  by a  
v a r i a b le  p r e s s u re  h ead ; f ig u r e  (14)* Ih e  f l u i d  was a  s o lu t io n  o f  me th y  1 -  
c e l lu lo s e  in  0.9% NaCl. The flow m eter was sw itch ed  on and a llo w ed  to  
s t a b i l i s e  f o r  a t  l e a s t  30 m in u te s  b e fo re  any m easurem ents were ta k e n .
The tu b e  was th e n  o cc lu d ed  d i s t a l  to  th e  p ro b e  by an a r t e r y  clamp so 
t h a t  th e  flo w  was z e ro . The s e n s i t i v i t y  f a c t o r  ( k) ,  v a r i a b le  in  th e  
ra n g e  50-200, was s e t  to  100 and th e  m e te r s e t  to  ze ro  u s in g  th e  ze ro  
back  o f f  p o te n t io m e te r .  The clamp was rem oved. and when th e  re a d in g  had 
s t a b i l i s e d  flo w  was re a d  from  th e  m e te r u s in g  th e  ran g e  m u l t i p l i e r  
b u tto n s  a s  r e q u i r e d .  The f lo w  th rough  th e  tu b e  was c o l le c t e d  in  a  g ra d u a te d  
c y l in d e r  f o r  '1 -m in u te  tim ed by a  s to p w a tch .
For a  c o n s ta n t  f lo w , th e  m e te r r e a d in g  m u l t ip l ie d  by th e  K f a c t o r  
i s  a  c o n s ta n t ,  th e r e f o r e  th e  K f a c t o r  r e q u ir e d  so t h a t  th e  m e te r  i n d i c a t e s  
th e  same flo w  a s  c o l le c te d  i s  g iv e n  by
K r e q u ir e d  x f lo w  c o l le c te d  = C onst = K s e t  x  f lo w  re a d
K re q u ir e d  = 100 x Flow re a d
Flow c o l le c te d
K i s  in  f a c t  th e  in v e rs e  o f  th e  s e n s i t i v i t y  s in c e
K x  m e te r re a d in g  = m l/inin
K = m l/m i n 
v o l t s
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FLOW METER
RANGE SELECTION Cl 1 12 15 11Q|20|
 1
®  ZERO 
I
(R ) SENSITIVITY
o
ADJUSTMENT
r, STEADYFLOWRUBBER TUBE CANNULATING 
FLOW PROBE
COLLECTED
FLOW
F ig  (14) A ppara tus f o r  c a l i b r a t i o n  o f  can n u la  t in g  f lo w  p ro b e s ,
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chang ing  th e  p r e s s u re  h ead , and th e  flo w  m easured by th e  m e te r was 
p lo t t e d  a g a in s t  f lo w  m easured by c o l l e c t i o n .  The flow m eter ze ro  was 
checked b e fo re  each  m easurem ent. The p ro c e d u re  was r e p e a te d  w ith  a 
ran g e  o f  o b s t r u c t io n s  in  th e  tu b e  which produced  d i f f e r e n t  p r e s s u r e  flow , 
r e l a t i o n s h i p s ,  and f o r  f l u i d s  o f  d i f f e r e n t  v i s c o s i t i e s .  C a lc u la t io n  o f  th e  
s e n s i t i v i t y  (K f a c t o r )  o f  two c a n n u la tin g  p ro b e s  was re p e a te d  b e fo re  
each  s e s s io n  o f  la b o ra to r y  e x p e rim e n ts . The p ro b e s  were connec ted  to  th e  
same flow m eter on each o c c a s io n .
R e s u lts
B a s e lin e  s t a b i l i t y  was v e ry  good th ro u g h o u t. The r e s u l t s  o f  
com paring f lo w  m easured by c o l l e c t io n  w ith  f lo w  m easured by th e  flow m eter 
a r e  shown in  T ab le ( 3 ) .  V a r ia t io n  o f  s e n s i t i v i t y  i s  shown in  T ab le  ( 4)* 
S e n s i t i v i t y  was n o t  r e l a t e d  to  th e  v i s c o s i t y  o f  th e  f l u i d .
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STENOSIS 
L W
CORRELATION SLOPE
m
FLOW RANGE
Acan / s e c
tu b e  o n ly  
1 0 .5 0
1
1
2
2
2
3
3
3
0 .33
0 .17
0 .5 0
0 .3 3
0 .17
0 .50
0 .3 3
0 .1 7
0 .999
0 .999
0 .996
1.000
1 . 000.
0 .999
0 .998
1 .0 0 0
1 .0 0 0
0 .9 9 2
0 .996
1.006
0 .936
1.018
1.031
1 .062
1.015
1.026
1 .014
0 .983
1 .3 -6 .5
1 .2 5 -6 .5  
1 . 0- 6 . 0
1 .0 -4 .6
1. 1- 6.5
1 .2 5 -7 .5  
0 .7 - 3 .5
1 .0 -7 .5
1 . 0- 6 .4  ' 
0 .2 - 3 .3
T ab le  ( 3 )
Comparison o f  f lo w  m easured by c o l l e c t io n  and by e le c tro m a g n e tic  
flow m eter f o r  v a ry in g  d e g re e s  o f  c o n s t r i c t i o n .
V is c o s i ty  3 .4 6  cP. L i s  le n g th  o f  c o n s t r i c t io n  (cm ).-, W i s  d ia m e te r  
r a t i o  o f  c o n s t r i c t io n  and tu b e .
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C a l ib r a t io n  o f  th e  c u f f  ty p e  p ro b e s  was u n d e rta k en  to  p ro v id e  a 
check on th e  s e n s i t i v i t y  s t a t e d  by th e  m a n u fa c tu re r  f o r .e a c h  p ro b e  and 
to  p ro v id e  a  more a c c u ra te  v a lu e  f o r  c l i n i c a l  u se  i f  p o s s i b le .
Method
\
The p ro b e  was h e ld  in  a  c i r c u l a r  tro u g h  o f  s a l i n e  m ounted on a
gramophone tu r n ta b le  which was r o ta t e d  a t  d i f f e r e n t  sp e e d s , f ig u r e  ( l5 )«
S ince  th e  tu r n t a b le  was r a t h e r  o ld  speed was d e te rm in ed  by tim in g  50
r e v o lu t io n s  o f  a  m arker on th e  tu r n ta b le  w ith  a s to p  w atch . The p ro b e
was h e ld  p e rp e n d ic u la r  to  th e  p la n e  o f  r o t a t i o n  a  m easured d is ta n c e
from  th e  c e n tre  o f  th e  t u r n t a b le  and th e  m a n u fa c tu r e r ^  s e n s i t i v i t y  ( k)
was s e t  on th e  m e te r . The f lo w  th ro u g h  th e  p ro b e  was c a lc u la te d  by t
m u l t ip ly in g  th e  p ro b e  lumen a r e a  by th e  mean v e lo c i ty  g iv e n  by th e
d is ta n c e  o f  th e  p ro b e  from  th e  c e n tr e  and speed  o f  r o t a t i o n .  The r e q u ir e d
K was c a lc u la te d  from  g rap h s o f  th e  f lo w  re a d  from  th e  m e te r a g a in s t
th e  flo w  c a lc u la te d  f o r  d i f f e r e n t  sp e e d s , f ig u r e  (1 6 )•
S ince  K r e q u ire d  x c a lc u la te d  f lo w  = K s e t  x f lo w  r e a d .  .
K r e q u ir e d  =* K s e t  x f lo w  re a d
flo w  c a lc u la te d
= K s e t  x s lo p e  o f  g raph  v
The method was n o t  s u i t a b le  f o r  la r g e  d ia m e te r  p ro b e s .
R e s u lts
R e s u lts  f o r  a s e r i e s  o f  7 p ro b e s  a r e  shown in  T ab le (5 )*  C o r r e la t io n  
w ith  K g iv en  by th e  m a n u fa c tu re r  ( Kman)» was n o t  good, r  = 0.77» 
m = 0 .8 9 , P = 0 .0 4 3 .
7 0
F i g .  (15 )  The t u r n t a b l e  a p p a r a tu s  f o r  c a l i b r a t i o n  o f  t h e  
c u f f  ty p e  p r o b e s .  When i n  u se  th e  o u t e r  t ro u g h  
i s  f i l l e d  w ith  s a l i n e .
7 1
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F ig . ( 16) C a l ib r a t io n  cu rv es  fo r  two p ro b e s  from  tu r n t a b le
method w ith  th e  m a n u fa c tu re r 's  s e n s i t i v i t y ,
K s e t .  D iam eter o f  p ro b e s  7 mm man
O p ro b e  144
& p ro b e  145
PROBE DIA MANTJ K CALC K DIFF
('” ) rman . Kt  %
+ 15
-  30 
0
-  5
+ 20
-  37
-  17 
18 +  1 2 %
S e n s i t i v i t y  f a c t o r ,  K, d e te rm in e d  by tu r n t a b le  m ethod .
K i s  . s e n s i t i v i t y  f a c t o r  g iv e n  by th e  m a n u fa c tu re r  man
i s  th e  s e n s i t i v i t y  f a c t o r  c a lc u la te d  from m easurem ents 
on th e  t u r n t a b l e .
C o r r e la t io n  betw een Kman and g iv e s  r  = 0.77> s lo p e  = 0 ,8 9 ,  P = 0 , 0 4
•X’ /
Assumes F .S .D . = 300 m l/m in . I t  i s  n o t  p o s s ib le  to  set* K = 240 
( 5 0 1. IZ l~ 200) b u t  by ta k in g  F .S .D , = 100 m l/m in , K = 80
114 4 80 92
140 3 200 140
141 3 140 140
142 5 90 86
143 5 200 240*
144 7 140 88
145 7 130 108
mean
T ab le  (5 )
73
in -v iv o  ca lib ra tio n
A co n d u c tin g  c e llo p h a n e  tu b e  was used  to  s im u la te  a  b lood  v e s s e l  
around which th e  c u f f  p ro b e  was p la c e d .  D i f f i c u l t y  was e x p e rie n c e d  in  
o b ta in in g  tu b in g  o f  th e  d ia m e te rs  r e q u ir e d  to  e n su re  a  good f i t  w ith  a 
ran g e  o f  p ro b e s .  L a b o ra to ry  d i a l y s i s  tu b in g  (V isk in )  cou ld  o n ly  be 
o b ta in e d  o f  two d ia m e te r s ,  8 mm and 22 mm. A ttem pts were made to  p ro d u ce  
c e llo p h a n e  tu b e s  o f  d i f f e r e n t  d ia m e te rs  by d e p o s i t in g  th in  f i lm s  o f  
c e l lu lo s e  on th e  in s id e  o f  lo n g  g la s s  tu b e s  (A ppendix 1 ) .  T h is  method 
was s u c c e s s fu l  f o r  d ia m e te rs  o f  5 o r  6 mm b u t f o r  sm a lle r  d ia m e te rs  th e  
tu b e s  had a  tendency  to  r i p  on s e p a ra t io n  from  th e  w a ll and th e  le n g th s  
o b ta in e d  were too sm all f o r  u s e .  W hile a  6 mm d ia m e te r  p ro b e  w i l l  p roduce  a 
t i g h t  f i t  on a  8 mm tu b e  i t  i s  c l e a r  t h a t  a  10 mm p ro b e  w i l l  p ro v id e  no 
c o n ta c t  a t  a l l .  By im m ersing th e  tu b e  and p ro b e  in  a  b a th  o f  s a l i n e  i t  i s  
p o s s ib le  to  c a l i b r a t e  th e  l a r g e r  p ro b e s  by c o n s id e r in g  th e  flo w  in  th e  
tu b e  a s  a c e n t r a l  co re  o f  f lo w  su rrounded  by f l u i d  o f  ze ro  v e l o c i ty  
(Wy:att 1968). I t  i s  im p o r ta n t to  keep th e  tu b e  in  th e  c e n t r e  o f  th e  p ro b e  
lum en.
Method
The a p p a ra tu s  i s  shown in  f ig u r e  (17)* With th e  ta p  open to  th e  
m easu ring  c y l in d e r  s te a d y  f lo w  from  th e  c o n s ta n t  head was m easured by 
tim ed c o l l e c t io n  w ith  th e  K f a c t o r  s e t  to  100. With th e  ta p  c lo se d  to  
th e  c y l in d e r  i t  i s  p o s s ib le  to  c a l i b r a t e  th e  p ro b e  u s in g  th e  s y r in g e  and th e  
f lo w n e te r  i n t e g r a to r  u n i t .  Each p ro b e  i s  p ro v id e d  w ith  an in t e g r a t i o n  
f a c t o r  (IN ), which i s  th e  volume flo w  p e r  r e v o lu t io n  o f  th e  i n t e g r a t o r .
By draw ing  a  known volume th rough  th e  p ro b e  in to  th e  s y r in g e ,  th e  r e q u i r e d  
K may be d e r iv e d  from  th e  number o f  r e v o lu t io n s  o f  th e  i n t e g r a t o r  p o i n t e r .  
The d i a l  i s  c o n v e n ie n tly  d iv id e d  in to  100 p a r t s  ( i f  K s e t  = K r e q .  th e  
volume flo w  i s  g iv e n  by IN x p o in te r  r e v s ) .
FLOW METER
GRADUATED
SYRINGE INTEGRATOR
STEADY FLOWCELLOPHANE 
\  TUBE
TAP
TANK OF SALINECOLLECTED
FLOW
CUFF TYPE 
FLOW PROBE
F ig  (17) A ppara tu s f o r  c a l i b r a t i o n  o f  c u f f  ty p e  flo w  
p ro b e s  u s in g  c e llo p h a n e  tu b e .
*  m T  req . x  volume in  syringe = JC s e t  x  in tegrated  flow
= K s e t  x  IN x  p o in t e r  r e v s
X req *  = K s e t  x  IN x p o in te r  r e v s
volume in  s y r in g e
30l i s  i s  th e  m e th o d -su g g ested  by th e  m a n u fa c tu re r  f o r  i n  v iv o  c a l i b r a t i o n .
F o r  s te a d y  f lo w  u nder th e  c o n s ta n t  head  th e  s e n s i t i v i t y  f a c t o r s  
f o r  a  s e r i e s  o f  p ro b e s  were c a lc u la te d  by c o l l e c t io n  a s  b e f o r e .  The 
s e n s i t i v i t y  o f  each  p ro b e  was c a lc u la te d  u s in g  th e  i n t e g r a to r  w h ile  th e  
p ro b e  was s t i l l  in  th e  same p o s i t i o n  w ith  b o th  th e  m a n u fa c tu re r1 s 3C 
v a lu e  s e t  and th e  IC v a lu e  d e r iv e d  from  th e  tim ed co lle c tio n  m easu rem en ts. 
R e s u lts
r
The s e n s i t i v i t y  f a c t o r , K ,d e te rm in ed  b}' m easurem ent o f  c o l le c t e d  f lo w
w ith  th e  s e n s i t i v i t y  c o n t ro l  s e t  to  100 was d en o ted  by ^
v a lu e s  d e te rm in e d  by in t e g r a t i o n  w ith  th e  m a n u fa c tu re rs  K (K ) s e t  andv man'
s e t  were den o ted  by and r e s p e c t iv e l y .  V alues d e te rm in e d
f o r  each  o f  13 p ro b e s  a r e  shown in  T ab le  ( 6 ) .
I n  each  ca se  th e r e  i s  one s u s p e c t v a lu e .  The mean d i f f e r e n c e
betw een c a lc u la te d  K f a c t o r  and K a r e  shown in  T ab le  (7)*  In c lu d e dman N '
a r e  v a lu e s  o m itt in g  th e  w o rs t r e s u l t  o f  T ab le ( 6 ) .  The r e l a t i o n s h i p
^of K to  E. i s  shown in  f ig u r e  (1 8 ) .  I f  th e  r e s u l t  o f  p ro b e  115 - c e l l  man
i s  o m itte d  th e  c o r r e l a t i o n  i s  q u i te  good. C o r r e la t io n s  o f  K w ithman
th e  v a lu e s  from in t e g r a t i o n  were p o o r ( r  l e s s  th a n  0 .7 )  even when th e  
w o rs t r e s u l t  was ex c lu d ed . Com parison o f  w ith  th e  r e s u l t  o f
in t e g r a t i o n  were b e t t e r  p a r t i c u l a r l y  w ith  Kj q * (T ab le  (8)).
A second s e t  o f  s e n s i t i v i t y  c a l i b r a t i o n s ,  p erfo rm ed  on e le v e n  p ro b e s  
a  y e a r  l a t e r  by a  c o l le a g u e , gave a  c o r r e l a t i o n  w ith  th e  e a r l i e r  v a lu e s  
o f  0 .9 4 .  The d i f f e r e n c e  betw een th e  two s e t s  o f  m easurem ents was a b o u t
76
the manufacturer’ s va lu es was 0*87 and the mean d ifferen ce  was 22.5%.
; /
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PROBE DIA (mm) K
man c e l l
K
IC
K
IM
113 8 140 118 116 109
114 4 80 67 56 69
115 4 80 128 148 92
142 5 90 74 95 71
143 5 200 225 264 150
144 7 140 143 139 130
145 7 130 145 138 158
156 10 110 75 63 86
157 12 85 71 65 118
158 9 130 96 84 11.8
159 12 80 76 102 96
160 10 100 77 89 84
161 9 125 111 107 210
T ab le  ( 6 )
S e n s i t i v i t y  f a c t o r ,  K, d e te rm in ed  on c e llo p h a n e  tu b in g ,
K , ,  i s  th e  s e n s i t i v i t y  f a c t o r  d e te rm in e d  on c e llo p h a n e  tu b in g  c e l l
by c o l l e c t i o n .
Kjp i s  by in t e g r a t i o n  method w ith  s e t  on t*16 flo w m eter,
i s  by in t e g r a t i o n  w ith  K s e t  on th e  flow m eter.IM man
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Turntable Cellophane In tegration
Number o f  v a lu e s  7 .1 3 (1 2 ) 13(12)
Mean % d i f f e r e n c e  17 .8  19.1 (1 5 .7 )  2 6 ..8 (2 2 .0 )
S.D . +'\2.'\ + 1 4 .1 (8 .1 )  + 2 1 .9 (1 4 .7 )
T able ( 7 )
Mean % d i f f e r e n c e  inJC  f a c t o r  from m a n u fa c tu re r ’ s v a lu e .
V alues in  b ra c k e ts  om it th e  r e s u l t  f o r  p ro b e  115.
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F ig  ( 18) R e la t io n s h ip  betw een th e  s e n s i t i v i t y  f a c t o r
d e te rm in ed  f o r  c u f f  p ro b e s  on c e llo p h a n e  tu b in g ,
K , .  and th e  v a lu e  s ta te d  by th e  m a n u fa c tu re r  f c e l l*
Kman
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C o r re la t io n
c o e f f i c i e n t
S lope o f  
; l in e
P r o b a b i l i ty
m
K .. .w ith  KTri c e l l  IC 0 .9 6 1 . 1 6 4 .001
K w ith  IC c e l l  man 0 .8 5 (0 .9 4 )  1 .1 0 (1 .2 6 )  4 .0 0 1
K ....w ith  K_, c e l l  IM
K w ith  r  man IM
0 .7 6
0 .73
O th ers  C 0*7
0 .4 7
0 .5 9
<^•005 (o m it t in g
p ro b e  161)
^•01  (o m it t in g
p ro b e  161)
T able (8)
C o r re la t io n  o f  K v a lu e s  d e te rm in ed  on c e llo p h a n e  tu b in g  ( Kc e l l )> w ith
v a lu e s  s t a t e d  by th e  m a n u fa c tu re r  (K ) and v a lu e s  o b ta in e d  by th e  J s man7 J
in t e g r a t i o n  method ( Kjq  and K-j-^).
V alues in  b ra c k e ts  om it th e  r e s u l t  f o r  p ro b e  115.
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Dynamic c a l ib r a t i o n  o f  e le c tro m a g n e tic  flo w m eters  h a s  p r e v io u s ly  
b een  perfo rm ed  by th r e e  m e th o d s:
i .  M echanical p ro d u c tio n  o f  a  loiown f lo w  wave*
{Ferguson  and W ells , 1959; O’R ourke, 1965) 
i i .  E l e c t r o n i c  s im u la tio n  o f  s in u s o id a l  f lo w .
{Goodman, 1966; King and S a th e r ,  1966)
i i i *  F o u r ie r  tra n s fo rm  o f  th e  re sp o n se  to  an im p u lse .
{ C a lv e r t ,  P u lla n  and Bone, 1975)
The r e s u l t s  o f  m ethods ( i )  and ( i i )  a r e  com parable and th e  second 
i s  s im p le r .  (G essner and B e rg e l , 1964; P h i l ip s  and D a v ila , 1965;
Goodman, 1966 ). The t h i r d  method i s  s a id  to  be s im p le  to  u s e .  The
dynam ic re sp o n se  o f  th e  f lo w  m easu rin g  system  was th e r e f o r e  d e te rm in e d  
by b o th  th e  second and th i r d  m ethods.
82
. Method
An e l e c t r o n i c  c i r c u i t  was co n n ec ted  to  th e  in p u t  c a b le  o f  
th e  flow m eter and p ro v id ed  a  s ig n a l  which s im u la te d  th e  s ig n a l  p roduced  
a t  th e  f lo w  p ro b e  e le c t r o d e s  by a  s in u s o id a l ly  o s c i l l a t i n g  f lo w , f ig u r e  (19) 
N I t  e x t r a c te d  a  p o r tio n , o f  th e  m agnet e n e rg is in g  squarew ave v o l ta g e  
which was th e n  am p litu d e  m odulated  by a  s in e  wave d e r iv e d  from  an 
e x te r n a l  s ig n a l  g e n e ra to r  r e p r e s e n t in g  f l u c t u a t i o n s  in  r a t e  o f  f lo w  a t  
a  g iv e n  frequency#  • U sing a  d iv id e r  a  sm all f r a c t i o n  o f  th e  m odulated
s ig n a l ' was su p p lie d  v ia  th e  e le c t r o d e  le a d s  a s  in p u t  to  th e  flow m eter#  The
o u tp u t o f  th e  m odu la to r was dem odulated  and compared to  th e  in p u t  s ig n a l .
The d e r iv e d  e r r o r  c o n t ro l le d  th e  m o d u la to r . A sq u are  wave, in  p h ase
w ith  th e  o u tp u t m o d u la tio n , was p ro v id e d  a s  r e f e r e n c e  f o r  m easurem ent o f  th e  
p h a se . A d e t a i l e d  d e s c r ip t io n  o f  th e  c i r c u i t ’ s o p e ra t io n  i s  g iv e n  in  
A ppendix ( 2) .
A sch em a tic  d iagram  o f  th e  e x p e rim e n ta l a rran g em en t i s  shown in  
f ig u r e  (2 0 ) .  The s ig n a l  g e n e ra to r  o u tp u t a t  1 Hz was a d ju s te d  to  g iv e  a 
5 cm a m p litu d e  on th e  c h a r t  r e c o r d e r .  The a m p litu d e  o f  th e  m o d u la tio n  a t  
th e  flow m eter in p u t  was m easured on th e  o s c i l lo s c o p e  and checked f o r  
o v e rm o d u la tio n . The f lo w n e te r  o u tp u t and p h ase  r e f e r e n c e  wave were
I V
rfecorded on th e  h ig h  freq u en cy  c h a r t  r e c o r d e r ,  (M ingograf 8 0 0 ). For p h ase  
m easurem ent a t  fre q u e n c y  f  Hz, th e  p a p e r was ru n  a t  more th a n  1 00 f m m /sec.
A ran g e  o f  s ig n a l  f r e q u e n c ie s  was s tu d ie d  f o r  each  o f  th e  th r e e  o u tp u t  
f i l t e r  s e t t i n g s ,  5 , 15 and 50Hz f o r  b o th  m e te r c h a n n e ls . At each  
fre q u e n c y  th e  flow m eter in p u t  am p litu d e  was s e t  to  th e  v a lu e  m easured  a t  
' 1Hz. ' 1
The am p litu d e  o f  th e  s in u s o id a l  o u tp u t was m easured on th e  c h a r t  
r e c o r d .  The d isp la c e m e n t o f  th e  ze ro  p o in t  o f  th e  o u tp u t s in e  wave from  
th e  le a d in g  edge o f  th e  r e f e r e n c e  sq u a re  wave was m e asu re d .. The p h ase  
d e la y  was c a lc u la te d  by
p h ase  = d isp la c e m e n t (d ) x 360° f ig u r e  (2 1 )
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FLOW WAVE
AMPLITUDE
REFERENCE
L _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ SQUARE WAVE
F ig  (21) Method o f  c a lc u la t in g  p hase  d e la y  from c h a r t  
r e c o rd  m easurem ents.
d = th e  d isp la c e m e n t 
L = th e  w avelength
8 6
‘T here was no s i g n i f i c a n t  d i f f e r e n c e  betw een th e  two d ia n n e ls .
-A m plitude. H a lf  power p o in t s  (-3dB ) o ccu r a t  5 .5 ,  1 2 .5  and 23.5Hz 
f o r  th e  th r e e  f i l t e r s .  The a m p litu d e  i s  down 10% a t  2 .5 ,  6 and 9Hz f o r  
t th e  5 , 15 and 50Hz f i l t e r s  r e s p e c t iv e ly  and 20% down a t  4 , 9 .5  and 
15*5Hz , f ig u r e  2 2 ( a ) .  P h ase . Phase la g  f o r  50 and 15Hz f i l t e r s  in  th e  
ran g e  1 -1 6Hz i s  ap p ro x im a te ly  l i n e a r  a t  ab o u t '1 .5 ° /H z and 5°/H z r e s p e c t iv e l y .  
The la g  f o r  th e  5Hz f i l t e r  i s  n o t ic e a b ly  n o n - l in e a r  v a ry in g  from 10°/Hz 
in  th e  ran g e  1-6Hz to  6°/H z in  th e  11-16HZ ra n g e , f ig u r e  2 2 (b ) .
/ /
/ /
8 7
RE
LA
TIV
E 
AM
PL
ITU
DE
0
8
0 .6 -
4
2
FREQUENCY ( H z )
F ig . (22a) A m plitude re sp o n se  o f  flov /m eter f o r  each f i l t e r  
s e t t i n g  d e te rm in ed  by e l e c t r o n i c  s im u la tio n  
m ethod.
X -  5 Hz f i l t e r
O -  15 Hz f i l t e r
•  -  50 Hz f i l t e r
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F ig , (22b) Phase re sp o n se  o f  flow m eter f o r  each f i l t e r  
s e t t i n g  d e te rm in ed  by. e l e c t r o n i c  s im u la tio n  
m ethod,
X -  5 Hz f i l t e r
0  -  15 Hz f i l t e r
e  -  50 Hz f i l t e r
m V ~ C -4 .0 l /1 -L  ^  O  W < U U  k J J  M A W  A. W  v u i .  w ^ . w — —  w
R esponse method 
rT h is  method f o r  d e te rm in in g  th e  fre q u e n c y  re sp o n se  o f  an 
e le c tro m a g n e tic  flow m eter and r e c o rd in g  system  was d e s c r ib e d  by C a lv e r t ,  
P u lla n  and Bone (1975) who g e n e ro u s ly  p ro v id e d  a  copy o f  th e  com puter 
program  th e y  used  f o r  th e  a n a ly s i s .  B oth th e  method and program  were 
m o d ified  f o r  t h i s  in v e s t i g a t io n .
I f  a  s te a d y  f lo w  i s  p a s s in g  th rough  a  f lo w  p ro b e  when th e  m agnet 
c u r r e n t  i s  sw itch ed  on th e  flow m eter e x p e r ie n c e s  a  s te p  in p u t  and th e , 
o u tp u t  i s  an e x p o n e n tia l  r i s e  -  th e  s te p  re sp o n se  -  due to  th e  im p e r fe c t  
re sp o n se  o f  th e  flo w m ete r. S im i la r ly  th e  o u tp u t  o f  th e  flow m eter assum ing 
a  p e r f e c t  im pulse  a t  th e  in p u t  i s  th e  im pu lse  re s p o n s e . The fre q u e n c y  
c h a r a c t e r i s t i c s .o f  th e  system  in  te rm s o f  am p litu d e  re sp o n se  and p h ase  
re s p o n s e , may be d e te rm in ed  from  th e  im pu lse  re sp o n se  by th e . 
m a th em a tic a l te c h n iq u e  o f  F o u r ie r  tra n s fo rm . I t  i s  d i f f i c u l t  to  a p p ly  an 
im pu lse  to  th e  in p u t  b u t th e  im pu lse , re sp o n se  may be d e r iv e d  by d i f f e r ­
e n t i a t i o n  o f  th e  s te p  re s p o n s e .
Method
A c i r c u i t  -was b u i l t  to  e n su re  sw itc h in g  occulted in  th e  dorm ant p h ase  
o f  th e  flow m eter c y c le ,  f ig u r e  (2 3 ) .  When ■ th e  push  b u tto n  i s  p re s s e d  a  
d e la y  i s  i n i t i a t e d  d u r in g  which any sw itch  t r a n s i e n t s  w i l l  have d ie d  
away. When th e  d e la y  h a s  e x p ire d  th e  m agnet c i r c u i t  i s  sw itch ed  to  
th e  p ro b e  e l e c t r o n i c a l l y  a t  a  p o in t  in  th e  c y c le  d e te rm in e d  by R^, 
and C^. By a d ju s tm e n t o f  R^ th e  m agnet i s  sw itch ed  in  th e  n o n -m easu rin g  
p hase  o f  th e  c y c le .  A d e t a i l e d  d e s c r ip t io n  o f  th e  c i r c u i t ’ s o p e r a t io n  i s  
g iv en  in  A ppendix (3 ) •
The o u tp u t o f  th e  r e c o rd e r  was connec ted  to  a  s ig n a l  a v e ra g in g  
system  ( N ic o le t  In s tru m e n t Corp. model 1072) in  th e  manner i t  was to  be 
used  c l i n i c a l l y .  The a v e ra g e r 's a m p le s  an in p u t  s ig n a l  a t  s e le c te d  
i n t e r v a l s  and s to r e s  up to  1024 su c c e s s iv e  v a lu e s  in  a  d i g i t a l  memory 
from  where th e y  may l a t e r  be punched o n to  p a p e r  ta p e .  S u c c e ss iv e  sam p lin g
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F ig . (23) The m agnet sw itc h in g  c i r c u i t  f o r  th e  s te p  re sp o n se  
m ethod. S w itch ing  i s  s e t  by R 2-to  o ccu r in  th e  
n o n n n easu rin g  p hase  o f  th e  m easu ring  c y c le .
TR1 and TR2 = TIS43.
SCR = 2N5062 
D1 = IN914
Waveforms a t  p o in t s  o f  i n t e r e s t  a r e  shown below .
9 1
th e  incom ing s ig n a l  o v e r a  number o f  sweeps and re d u c in g  n o i s e .  The 
number o f  sweeps re c o rd e d  may be s e le c te d  in  power’s o f  2 upon 
co m p le tio n  o f  which th e  m easurem ent c e a s e s .  Sam pling sweeps were 
t r ig g e r e d  from  th e  push b u tto n  so t h a t  each  tim e th e  s te p  re sp o n s e  was
c
i n i t i a t e d  i t  was re c o rd e d  in  th e  memory. The c o n te n ts  o f  th e  memory 
can be d is p la y e d  in  ana logue  o r  d i g i t a l  form  on an a t ta c h e d  o s c i l lo s c o p e .
The e x p e rim e n ta l a rrangem en t i s  shown in  f ig u r e  (24)*
The flow m eter was s e t  up w ith  a  c a n n u la tin g  p ro b e  p la c e d  in  a  
le n g th  o f  ru b b e r  tu b e  th rough  which norm al s a l i n e  flow ed u nder c o n s ta n t  
p r e s s u r e .  Flow m eter ze ro  and s e n s i t i v i t y  were a d ju s te d  so t h a t  on sw itc h in g  
on th e  m agnet th e  m e te r  moved from  ze ro  to  a lm o s t f u l l  s c a l e .  The 
sam pling  tim e i n t e r v a l  on th e  a v e ra g e r  was s e t  to  4 ms and th e  in p u t  tim e 
c o n s ta n t  to  ,0 2  ms. For each f i l t e r  s e t t i n g  o f  th e  flo w m ete r, 1, 16 and 32 
re sp o n se s  were re c o rd e d  u s in g  256 memory lo c a t io n s  (one q u a r te r  o f  th e  
a v e ra g e r  memory) and punched o n to  p a p e r  ta p e . F a c i l i t i e s  o f  th e  a v e ra g in g  
system  in c lu d e  9 p o in t  d i g i t a l  sm oothing o f  th e  d a ta  and d i f f e r e n t i a t i o n .  
A lthough d i f f e r e n t i a t i o n  o f  th e  s te p  re sp o n se  was added to  th e  com puter, 
p rogram , i t  w a s^ p o ss ib le  to  c o n v e r t s te p  re s p o n se  to  im pu lse  re sp o n s e  
in  th e  memory and to  o b se rv e  oh th e  d is p la y  th e  e f f e c t  o f  n o is e  and o f  
sm ooth ing . S ince  th e  c i r c u i t  in c lu d e s  a  d e la y  th e  f i r s t  60 d a ta  p o in t s  
r e p re s e n te d  th e  fOFF* s t a t e  o f  th e  flow m eter and were o m itte d  from  th e  
a n a ly s i s .  The n e x t  128 (2  ) p o in t s  were in p u t  to  th e  p rogram , A ppendix ( 4 ) .  
R e s u lts
The s te p  re sp o n se  u s in g  each f i l t e r  i s  shown in  f ig u r e  (25)*  The 
r e s u l t  o f  d i f f e r e n t i a t i o n  o f  a  s in g le  sweep a t  each  f i l t e r  s e t t i n g  i s  shown 
in  f ig u r e  (2 6 ) ,  and th e  e f f e c t  o f  a v e ra g in g  in  f ig u r e  (27)*
The com puter o u tp u t  g iv e s  th e  am p litu d e  re s p o n se  n o rm a lis e d  to  th e  
ze ro  fre q u e n c y  te rm  and th e  p h ase  in  d e g re e s ,  n e g a t iv e  p h ase  i n d i c a t i n g  
a  d e la y  in  re s p o n s e , o r  l a g .  The ran g e  i s  g iv e n  i n  a p p ro x im a te ly  2Hz 
s te p s  to  125Hz, d ic t a t e d  by th e  sam pling  i n t e r v a l  and number o f  in p u t
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F ig  (24) Schem atic r e p r e s e n ta t io n  o f  th e  s te p  re sp o n se
m ethod f o r  dynam ic c a l ib r a t i o n  o f  th e  f lo v /m e te rs .
0.01 s
0.01 s
0.01 s
F ig  (25) S tep re sp o n se  o b ta in e d  u s in g  each f i l t e r ,  
A -  5 Hz f i l t e r
B -  15 Hz f i l t e r
C -  50 Hz f i l t e r
9 4
32 ms
5 Hz
15 Hz
50 Hz
F ig  (26) R e s u lts  o f  d i f f e r e n t i a t i n g  a s in g le  s te p  f o r  
each f i l t e r  s e t t i n g
SWEEPS
32ms
F ig  ( 27) Im pulse re sp o n se  u s in g  50 Hz f i l t e r  d e r iv e d  by- 
d i f f e r e n t i a t i n g  th e  s te p  re s p o n s e .
R e s u l ts  a re  shown f o r  a s in g le  s te p  and a v e ra g e s  
o b ta in e d  fo r  16 a n d ,32 s t e p s .
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32 sweeps in  f ig u r e s  (2 8 , 29, 30, 3 1 ) .
A m plitude re sp o n se ; For th e  5Hz f i l t e r  th e  re sp o n se  d e te rm in e d  from  16 
sweeps was s im i la r  to  t h a t  from  a  s in g le  sw eep. The r e s u l t  o f  32 sweeps 
shows an u n ex p la in ed  im provem ent. In  each ca se  th e  cu rve  i s  sm ooth, 
a l l  s i g n i f i c a n t  n o is e  b e in g  f i l t e r e d  o u t ,  f ig u r e  (2 8 ) .  In c re a s in g  th e  
number o f  sweeps w ith  th e  15Hz f i l t e r  sm ooths th e  re sp o n se  and w h ile  • 
th e re  i s  no d i f f e r e n c e  in  th e  r e s u l t s  f o r  1 and 16 sw eeps, 32 sweeps g iv e s  
s l i g h t  im provem ent in  r e s p o n s e , f ig u r e  (2 9 )•  With a  s in g le  sweep th e  
50Hz re sp o n se  h a s  la rg e  o s c i l l a t i o n s .  The r e d u c t io n  o f  n o is e  by 16 and 
32 sweeps p ro d u ces  a d ra m a tic  sm oothing o f  th e  c u rv e . B ecause o f  th e  
la r g e  o s c i l l a t i o n s  i t  i s  d i f f i c u l t  to  say  i f  th e  re sp p n se  chan g es, f ig u r e  
(3 0 ) .
U sing th e  32 sweep r e s u l t s  th e  h a l f  power p o in t s  (-3dB ) o ccu r a t  - 
9*3, 16.1 and 41 Hz, f o r  th e  5, 15 and 50 Hz f i l t e r s  r e s p e c t iv e l y .
The a m p litu d e  i s  down 10% a t  4 .5 ,  7*8 and 13 .8  f o r  th e  th r e e  f i l t e r s  and 
20% down a t  7 , 12 and 2 2 .6  Hz.
Phase re sp o n se ; The p h ase  re sp o n se  o f  each f i l t e r  was n o t  a f f e c t e d  
by th e  number- o f  sweeps used  a p a r t  from  a  g e n e ra l  sm oothing e f f e c t .
The re sp o n se  o f  each  f i l t e r  i s  shown in  f ig u r e  (3 1 )•  The la g  f o r  th e  50Hz 
f i l t e r  i s  l i n e a r  in  th e  ran g e  0 to  25Hz a t  4 °/H z , th e  15Hz f i l t e r  i s  
s l i g h t l y  n o n - l in e a r  b e in g  7° /H z from  0 to  5Hz and 5° /H z from  15 to  20Hz. 
The 5Hz re sp o n se  i s  c l e a r l y  n o n - l in e a r  b e in g  a b o u t 12°/H z in  th e  low er 
ran g e  and 4 .5 ° /H z in  th e  u pper ra n g e .
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F ig  (31) Phase re sp o n se  w ith  each  f i l t e r  by s te p  response- 
m ethod.
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S t a t i c  c a l i b r a t i o n  i s  an i n v e s t ig a t io n  o f  th e  r e l a t i o n s h ip  
betw een s te a d y  f lo w  o f  f l u i d  th ro u g h  a v e s s e l  to  which a  flo w  p ro b e  
i s  f i t t e d  and th e  flow m eter o u tp u t  v o l ta g e .  T h is  r e l a t i o n s h ip  depends 
l a r g e ly  on p ro b e  s e n s i t i v i t y  and m ust be d e te rm in e d  fo r  each  probe*
S ince  c a n n u la tin g  p ro b e s  a r e  th e  m ost c o n s i s te n t  th e y  w ere used  to  
compare th e  o u tp u t  o f  th e  flow m eter w ith  f lo w  m easured by c o l l e c t i o n .  / 
T able (3 ) shows t h a t  th e  flow m eter h as  e x c e l le n t  l i n e a r i t y  and s t a b i l i t y  
o v e r a  ran g e  o f  f lo w  c o n d i t io n s .  S im ila r  r e s u l t s  a r e  r e p o r te d  f o r  
flo w m eters  o f  th e  same make by R o b e rts  (1969) and D edichen (1974)*
The v a r i a t i o n  in  s e n s i t i v i t y  o f  th e  c a n n u la tin g  p ro b e s  in  a  s e r i e s  
o f  m easurem ents, T ab le  ( 4 ) ,  i s  sm a ll e x c e p t,  p e rh a p s , f o r  th e  3 .4 6  cP 
f l u i d ,  though n o t  a s  good a s  t h a t  r e p o r te d  by D edichen . The r e s u l t s  
a re  more th a n  ad eq u a te  s in c e  th e  s e n s i t i v i t y  f a c t o r ,  k , c a n n o t be s e t  ■ ■ ' ' 
to  b e t t e r  th a n  1 d iv i s i o n .
On th e  tu r n t a b le  c a l i b r a t i o n  o f  th e  c u f f  p ro b e s  was non l i n e a r  s in c e  
a t  h ig h  speed s th e  f l u i d  was n o t  moving a t  th e  same speed  a s  th e  t u r n t a b l e ,  
f ig u r e  (16) • Even when th e  l i n e a r  p a r t s  o f  th e  cu rve  were u sed  to  d e te rm in e  
th e  s e n s i t i v i t y ,  th e  agreem ent w ith  th e  m a n u fa c tu re r 's  v a lu e s  was n o t  
good, th e  mean d i f f e r e n c e  b e in g  18%. For p r a c t i c a l  re a s o n s  t h i s  m ethod 
cou ld  n o t  be used  f o r  th e  l a r g e r  p ro b e s  so d i r e c t  c a l i b r a t i o n  on a  v e s s e l  
was a t te m p te d .
The u se  o f  cad av er v e s s e ls  was exc lu d ed  owing to  s e v e r a l  p ro b le m s. 
Normal, n o n - a th e r o s c le r o t i c  v e s s e l s  were ex tre m e ly  d i f f i c u l t  to  o b ta in  
and r e q u ir e d  s p e c ia l  te c h n iq u e s  to  m a in ta in  t h e i r  c o n d i t io n .  A f te r  th e  
i n i t i a l  ex p erim en ts  th e re  were no f a c i l i t i e s  f o r  an im al s t u d i e s .
C ellophane  tu b in g  h a s  un ifo rm  p r o p e r t i e s  and no b io l o g ic a l  d e t e r i o r a t i o n .
The f a c t  t h a t  i t  was o n ly  a v a i la b le  in  two s i z e s  was in c o n v e n ie n t .  By 
im m ersing th e  p ro b e  and v e s s e l  in  a  b a th  o f  s a l i n e  i t  i s  p o s s ib le  t h a t  
le a k a g e  c u r r e n ts  s e t  up in  th e  su rro u n d in g  f l u i d  would d e t r a c t  from  th e  
v a l i d i t y  o f  th e  m ethod. A lthough ‘th e  s e n s i t i v i t y  on c e llo p h a n e  tu b in g ,
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v a lu e  ^ o m ittin g  p ro b e  115)f th e  mean d i f f e r e n c e  i s  s t i l l  16% ,
T able ( 7 ) .
The v a l i d i t y  o f  th e  in t e g r a t i o n  te c h n iq u e  i s  d em o n stra ted  by th e  
r e l a t i o n  o f  Kc e l l  and ( r  = 0#96, m = 1 .1 6 ) .
D ire p t  c a l i b r a t i o n  on th e  v e s s e l  concerned  by th e  in t e g r a t i o n  
te c h n iq u e , was a tte m p te d  on 6 o c c a s io n s .  Even a f t e r  p r a c t i c e  in  th e  
la b o ra to r y  th e  r e s u l t s  o f  c o n s e c u tiv e  c a l i b r a t i o n s  d i f f e r e d  by a s  much 
a s  50%,b a s e l in e  s t a b i l i t y  b e in g  a  common p rob lem . The p o o r r e l i a b i l i t y  
o f  t h i s  method a s s o c ia te d  w ith  th e  r i s k s  o f  c l o t t i n g  and haem orrhage 
made i t  u n s u i ta b le  in  p a t i e n t s .
Dynamic c a l ib r a t i o n  m easures th e  re sp o n se  o f  th e  whole m easu rin g  
sy stem , in c lu d in g  th e  f lo w  p ro b e  and r e c o rd in g  d e v ic e , to  p u l s a t i l e  
f lo w . To o b ta in  a  c o r r e c t  r e p r e s e n ta t io n  o f  complex w aveform s, such  a s  ' 
a r t e r i a l  f lo w  waves, th e  fre q u e n c y  re sp o n se  and th e  tim e d e la y  im posed 
on an o s c i l l a t o r y  s ig n a l  by th e  in s t ru m e n ta t io n ,  shou ld  be known and 
once d e te rm in ed  shou ld  n o t  change. The c o s t  o f  th e  c i r c u i t  f o r  s im u la t in g  
p u l s a t i l e  f lo w  shou ld  th e r e f o r e  be low . In  t h i s  case  i t  was a b o u t £4* . 
a lth o u g h  s im p le r  a rran g em en ts  have been used  (k in g  and S a th e r ,  1 9 6 6 ). 
P rev io u s  w orkers have m en tioned  th e  im p o rtan ce  o f  m easu ring  th e  re sp o n s e  
to  th e  s ig n a l  a s  i t  a r r i v e s  a t  th e  t r a n s d u c e r  and n o t  th e  o u tp u t  o f  th e  
s ig n a l  g e n e ra to r  ( p h i l i p s  and D a v ila , 1965). For t h i s  re a s o n  an 
o s c i l lo s c o p e  was used  to  check  th e  m odulated  in p u t  to  th e  flow m eter and 
th e  p h ase  r e f e r e n c e  s ig n a l  was d e r iv e d  from  th e  o u tp u t o f  th e  m o d u la to r .
A lthough i t  was e a s ie r  to  u se  an o s c i l lo s c o p e  r a th e r  th a n  a  c h a r t  
r e c o rd e r  f o r  m easuring  th e  re sp o n se  o f  th e  f lo w m ete r, such  m easurem ents 
do n o t  in c lu d e  th e  e f f e c t  o f  th e  c h a r t  r e c o rd e r  i t s e l f .  I f  th e  s m a l le s t  
d iv i s io n  m easu rab le  on th e  c h a r t  r e c o rd  i s  1 mm and th e  p a p e r  speed  i s  
100f m m /sec, th e n  th e  s m a l le s t  p h ase  s h i f t  which can be m easured i s  3 .6 ° .  
The ran g e  o f  f r e q u e n c ie s  i s  l im i te d  to  some e x te n t  by th e  a b i l i t y  o f  th e  
r e c o rd e r  to  p roduce  a  c l e a r  t r a c e .  T his method do es  n o t  in c lu d e  th e  f lo w  
p ro b e , though w orkers who have compared re sp o n se s  m easured h y d r a u l i c a l ly
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o f  th e  flow m eter i s  more s i g n i f i c a n t  th a n  th a t  o f  th e  p ro b e . (O 'R ourke, 
1965; F h i l ip s  and D a v ila , 1965)*
The ad v an tag e  o f  th e  s te p  re sp o n se  method i s  t h a t  i t  in v o lv e s  a l l  
com ponents o f  th e  m easu ring  system , in c lu d in g  th e  f lo w  p ro b e , and 
does n o t  r e q u i r e  any a d d i t io n a l  c i r c u i t r y .
The F o u r ie r  tra n s fo rm  o f  a  f u n c t io n  o f  tim e , f ( t ) , i s  d e f in e d  a s
F(w) i s  a  com plex fu n c t io n  and can be ex p re sse d  a s  th e  sum o f  r e a l  and 
im ag in ary  p a r t s ,
re sp o n se  m ust be sam pled a t  d i s c r e t e  i n t e r v a l s .  Sam pling th e o ry  
d i c t a t e s  th a t^ th e  sam pling  r a t e  m ust be tw ice  th e  maximum fre q u e n c y  o f  
i n t e r e s t  to  c o n ta in  a l l  th e  in fo rm a tio n  r e q u ir e d  i e .
W ith a sam ple i n t e r v a l  o f  4 ms th e  maximum fre q u e n c y  would be 125 Hz and 
w ith  a  sam ple i n t e r v a l  o f  8 ms, 6 2 .5  Hz. E i th e r  o f  th e s e  r a t e s  would 
cover th e  ran g e  o f  f re q u e n c ie s  o f  p h y s i o l o g i c a l - i n t e r e s t .
The a n a ly s i s  program  employs th e  F a s t  F o u r ie r  T ransform  te c h n iq u e  
(F .F .T .)  w hereby, i f  th e  number o f  d a ta  p o in t s  i s  a  power o f  two a 
s im p l i f i c a t io n  in  th e  m a them atics  p ro d u ces  a  program  which ta k e s  a  sm a ll 
f r a c t i o n  o f  th e  tim e r e q u ir e d  by th e  fo rm a l tra n s fo rm . The program  
assum es a  b im odal re s p o n s e , i e .  n e g a t iv e  f r e q u e n c ie s  a re  p o s s ib le ,  and 
d a ta  o u tp u t  from  th e  program  i s  o f  th e  form  shown in  f ig u r e  (32) • The
cl"fc lO  ZTT X
F(i>) -- R(u>) + T .(J)
The am p litu d e  re sp o n se  i s  th e n  g iv e n  by
and th e  Dhase resD onse bv
S ince  th e  a n a ly s i s  i s  perfo rm ed  by a d i g i t a l  te c h n iq u e  th e  s te p
sam ple i n t e r v a l 1 1
sam pling  r a t e 2 fmax
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F ig  (32) O utput form o f  F o u r ie r  tra n s fo rm  p rogram .
The freq u en cy  ran g e  o f  s i g n i f i c a n t  r e s u l t s
i s  0 -  1 f max
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N, so th a t  th e  fre q u e n c y  ran g e  0 to  2 fmax i s  r e p re s e n te d  a t  N d i s c r e t e
p o in t s .  There a r e  th e r e f o r e  n/ o p o in t s  in  th e  ra n g e  0 to  f  and th e^ max
freq u en cy  s e p a ra t io n  i s  2 f  • I f  f  = 125 Hz (e q u iv a le n t  to  4 msmax max '
sam ple i n t e r v a l )  th e  freq u en cy  s e p a ra t io n  o f  th e  o u tp u t p o in t s  i s
250 H z /p t . T able ( 9 ) shows th e  fre q u e n c y  s e p a ra t io n  f o r  sam pling  i n t e r v a l s  
N
and v a lu e s  o f  N o f  i n t e r e s t .  To e n su re  eq u a l sam pling  i n t e r v a l s  when 
sam pling  from  th e  c h a r t  r e c o rd e r  1 mm i s  th e  s m a l le s t  i n t e r v a l  p r a c t i c a b l e .
I f  th e  m agnet i s  sw itch ed  on o r  o f f  d u r in g  th e  m easu rin g  p h ase  o f  
th e  c y c le  la rg e  t r a n s i e n t s  w i l l  app ea r in  th e  o u tp u t .  C a lv e r t  and h i s  
c o lle a g u e s  sw itch ed  th e  m agnet on and o f f  many tim es  and by m o n ito r in g  
th e  m agnet c u r r e n t  s im u lta n e o u s ly  w ith  th e  o u tp u t ,  a n a ly se d  th o se  re s p o n s e s  
which were i n i t i a t e d  in  th e  dorm ant p h ase  o f  th e  c y c le .  (C a lv e r t  e t  a l ,
1975) • T h is  method was t r i e d  i n i t i a l l y  and th e  t r a c e s  d i g i t i s e d  a t  
1 mm i n t e r v a l s  u s in g  a  D-Mac d i g i t i s e r  w ith  p a p e r  ta p e  punch . I t  was found 
th a t  la rg e  q u a n t i t i e s  o f  r e c o rd in g  p a p e r were used  by t h i s  " h i t  and m iss"  
method and th a t  w ith  th e  50 Hz f i l t e r  th e  re s p o n s e s  were e x tre m e ly  n o is y ,  
f ig u r e  (25) • We used  th e  a d d i t io n a l  c i r c u i t  f o r  conven ience  to  s im p l i fy  
h a n d lin g  o f  the , o u tp u t .  A lthough C a lv e r t  and h i s  c o lle a g u e s  m en tion  
av e ra g in g  s e v e r a l  re sp o n se s  th e y  do n o t  em phasize th e  n e c e s s i t y  to  do 
so to  red u ce  n o is e  in  th e  s ig n a l s .  F ig u re  (25) and (26) i l l u s t r a t e  n o is e
p r e s e n t  w ith  th e  50 Hz f i l t e r  and i t s  e f f e c t  on th e  im pu lse  r e s p o n s e .
T h is  n o is e  p roduced  th e  la r g e  o s c i l l a t i o n s  in  am p litu d e  re sp o n se  seen  in  
f ig u r e  (3 0 ) .  The e f f e c t  o f  a v e ra g in g  on re d u c in g  n o is e  can be seen  in  
f ig u r e  ( 27) and on th e  freq u en cy  re sp o n se  in  f ig u r e  (3 0 ) .
Comparison o f  th e  s im u la tio n  and s te p  re sp o n se  m ethods r e v e a l s  some
d if f e r e n c e s  in  am p litu d e  re s p o n s e . In  ev e ry  ca se  th e  s te p  method 
su g g es ted  a b e t t e r  r e s p o n s e . For th e  5 Hz f i l t e r  ag reem en t was good f o r  
s in g le  and 16 sweeps b u t poo r fo r  32 sw eeps. For th e  15 Hz f i l t e r  
agreem ent was a ls o  a c c e p ta b le  b u t 32 sweeps ten d ed  to  make i t  w orse , 
w h ile  f o r  th e  50 Hz f i l t e r  th e  agreem ent was p o o r and 32 sweeps ten d ed
to  make i t  b e t t e r .  1 0  6
Sam pling I n te r v a l  (ms)
16 8 4 2
D ata p o in t s
(N)
24 (16) 3 .9 7 .8  15 .6 3 1 .3
25 (32) 1 .95 3 .9  7 .8 15 .6
26 (64) 0 .9 8 1 .9 5  . 3 .9 7 .8
27 (128) 0 .4 9 0 .9 8  1 .9 5  ' 3 .9
C h a rt speed 
(cm /sec) 6 .25 1 2 .5  25 50
f  (Hz) max v J 31 .25 62 .5  125 250
T ab le  ( 9 )
F requency r e s o lu t io n  o f  re sp o n se  r e s u l t s  (H z /p o in t)  f o r  v a r io u s  
sam pling  i n t e r v a l s  and number o f  d a ta  p o in t s ,  N. A lso showi a r e  th e  
c h a r t  speed r e q u ire d  (cm /sec) i f  th e  r e c o rd in g  can be d i g i t i s e d  a t  
1 mm i n t e r v a l s ,  and th e  maximum fre q u e n c y  in c lu d e d
1 0 7
good ag reem en t f o r  th e  5 and 15 Hz f i l t e r s  b u t  th e re  was s t i l l  a  la r g e  
d i f f e r e n c e  f o r  th e  50 Hz f i l t e r ,  f ig u r e s  (2 2 (b ) and 3 l ) .  T h is  may be 
due to  th e  in c lu s io n  o f  a  f lo w  p ro b e  in  th e  s te p  re s p o n se  m ethod o r  
d u e  to  e r r o r s  i n  d e te rm in in g  th e  o n s e t  o f  th e  re s p o n s e  to  b e  a n a ly s e d .
I f -  e q u a l num bers o f  p o in t s  were ta k e n  on e i t h e r  s id e  o f  th e  o n s e t  o f  
t h e  s te p  th e  am p litu d e  re sp o n s e  came much c lo s e r  to  t h a t  o f  tlae 
;s iin u la tio n  method though th e  p h ase  was d i s t o r t e d  by th e  d e la y  in c lu d e d . 
The o n s e t  o f  th e  re sp o n se  m ig h t be d e te rm in ed  more p r e c i s e ly  by 
t r i g g e r in g  th e  a v e ra g e r  from  th e  m agnet c o n t r o l  c i r c u i t  r a t h e r  th a n  
fro m  th e  push  b u t to n .  N um erical com parison o f  th e  two m ethods i s  g iv e n  
in  T ab le  (1 0 ) .
-R ecording o f  b lo o d  f lo w  by e le c tro m a g n e tic  flow m eter depends on 
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_i. s ig n a l  h a n d lin g  by th e  flow m eter 
i i .  th e  flo w  p ro b e  -
i i i *  p h y s io lo g ic a l  c o n d it io n s  
i*  I t  ap p ea rs  from  th e  r e s u l t s  o f  c a l i b r a t i o n  th a t  w hereas th e  
flow m eter outp 'trt i s  r e l a t e d  l i n e a r l y  to  f lo w  i t  i s  n o t  in d e p e n d e n t o f  
fre q u e n c y . U sing th e  15 Hz f i l t e r  a  10 Hz s ig n a l  w i l l  be  red u ced  by 20%. 
W ith th e  N ic o le t  s ig n a l  a v e ra g in g  system  i t  i s  p o s s ib le  to  u se  th e  50 Hz 
f i l t e r  so t h a t  am p litu d e  i s  w ith in  10% a t  10 Hz and p h ase  s h i f t  i s  l i n e a r .
i i .  W h ils t th e  s e n s i t i v i t y  c a l i b r a t i o n s  f o r  th e  c a n n u la tin g  p ro b e s  show 
o n ly  sm a ll v a r i a t i o n s ,  th e  s e n s i t i v i t y  c a l i b r a t i o n s  f o r  th e  c u f f  ty p e  
p ro b e s  were n o t  e n c o u ra g in g . S ince  i n - s i t u  c a l i b r a t i o n  was n o t  a c c e p ta b le  
in  p a t i e n t s  th e  s e n s i t i v i t y  f a c t o r s  u sed  w ere th o s e  d e te rm in e d  by 
p r e c a l ib r a t i o n  on c e llo p h a n e  tu b in g .  The m agn itude o f  p o s s ib le  e r r o r s  
was borne in  m ind.
i i i .  W ithout i n - s i t u  c a l i b r a t i o n  th e  p h y s io lo g ic a l  c o n d i t io n s  have a 
g r e a t e r  in f lu e n c e  on th e  m easurem ents. In  d is e a s e d  a r t e r i e s  a x i a l l y  
asym m etric  f lo w  and v a r i a t i o n s  in  s e n s i t i v i t y  re s p o n se  to  changes in  .
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FILTER USED 
' (Hz)
FREQUENCY
(Hz)
SIMULATION STEP RESPONSE
1 sweep 16 sweeps 32 sweeps
(A) AMPLITUDE RESPONSE
5 5 . 0 .7 4 0 .8 0 0 .8 3 0 .8 8
10 0 .4 6 0 .5 5 0 .5 4 0 .6 8
15 0 .2 9 0 .3 5 0 .3 4 0 .4 7
20 0 .1 9 0 .27 0 .2 3 0 .3 0
15 5 0 .9 2 0 .9 8 0 .9 9 0 .9 6
10 0 .77 0.81 0 .8 4 0 .8 6
- 15 0 .6 4 0 .7 0 0.71 0 .7 4
20 0 .5 4 0 .52 0 .5 7 0 .6 3
*
0 .9 850 5 0 .9 3 1 .0 4 0 .9 7
10 0 .8 9 0 .8 8 0 .9 7 0 .9 4
15 0.81 ~  * 0 .8 7 0 .9 4 0 .8 9
20 0 .7 6
*
1 .20 . 0 .8 4 0 .8 3
(B) PHASE LAG RATE ( ° / Hz)
5 1-6 10 12
11-16 6 6 •
20-25 4 .5 4
15 1-6 5 7
11-16 5 5.
20-25 2 4 .5
50 1-6 1 .5 4
11-16 1 .5 4
20-25 2 4
T ab le  (10)
Comparison o£ freq u en cy  re sp o n se  d e te rm in e d  by s im u la t io n  and averag ed  
s te p  re s p o n s e . R e s u lts  marked * a re  from cu rv es  w ith  la r g e  o s c i l l a t i o n s .
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and c a re  ta k e n  to  s e l e c t  a  p ro b e  -which f i t t e d  e x a c t ly .  Once p o s i t io n e d  
th e  p ro b e  was se c u re d  a g a in s t  b o th  lo n g i tu d in a l  and r o t a t i o n a l  
m ovement. With th e s e  p r e c a u t io n s  i t  was a n t ic ip a te d  t h a t  w h ile  
m easurem ent in  a b s o lu te  te rm s m ig h t be s u b je c t  to  c o n s id e ra b le  e r r o r s ,  
co m p ara tiv e  m easurem ents cou ld  be made w ith  c o n f id e n c e .
T he re sp o n s e  o f  th e  p r e s s u r e  m easu ring  system  to  th e  s te p  t e s t  
was t h a t  o f  an a lm o st co m p le te ly  undamped system  w ith  a  p o t e n t i a l l y  
l a r g e  re so n a n c e  a t  th e  n a t u r a l  f re q u e n c y . The n a t u r a l  fre q u e n c y  i s  
80 Hz an d , w ith  th e  r e s u l t s  o b ta in e d , c o r r e c t io n s  o f  m easurem ents 
~iip to  10 Hz were n o t  c o n s id e re d  n e c e s s a ry .
The s e n s i t i v i t y  v a r i a t i o n  to  be  ex p ec ted  w ith  th e  c u f f  ty p e  flo w  
p ro b e s  means t h a t  v a lu e s  o f  f lo w  d e te rm in e d  on a t h e r o s c l e r o t i c  a r t e r i e s  
w i l l  b e  s u b je c t  to  la rg e  e r r o r s .
T he f re q u e n c y  re sp o n se  o f  th e  flow m eter i s  c l e a r l y  n o t  i d e a l .
W hile an  e r r o r  o f  10% a t  10 Hz in  a  p h y s io lo g ic a l  e ^ e r im e n t  w i l l  
' p ro b a b ly  be l e s s  th a n  1% o f  th e  t o t a l  s ig n a l  l e v e l ,  i t s  l i m i t a t i o n s  
a t  h ig h  f r e q u e n c ie s  have to  be borne in  m ind.
i n
Chapter 3*
MEASUREMENTS OF IMPEDANCE IN DOGS WITH SIMULATED ARTERIAL DISEASE
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P re lim in a ry  s tu d ie s  were made to  d e te rm in e  w hether c o n s t r i c t i o n  
o f  an a r t e r y ,  s im u la tin g  an a th e ro m ato u s  b lo c k , p roduced  any m easu rab le  
change in  im pedance. The s tu d ie s  were made on th e  fem o ra l a r t e r i e s  o f  
greyhound d o g s . T h is s i t e  was chosen  b ecau se  th e  a r t e r y  i s  e a s i l y  
a c c e s s ib le  and may ex ten d  f o r  15 cms w ith o u t m ajo r b ra n c h e s . <
The fo llo w in g  ex p erim en ts  were p e rfo rm e d ,.
E xperim ent 1• To m easure th e  in p u t  im pedance in  th e  fem o ra l a r t e r y  
o f  g reyhounds.
E xperim ent 2 . To m easure th e  e f f e c t  on in p u t im pedance o f  a p p ly in g  an 
a r t i f i c i a l  s t e n o s i s  to  th e  a r t e r y .
E xperim ent 3 . To m easure th e  e f f e c t  on in p u t  im pedance o f  in c r e a s in g  
th e  le n g th  o f  a  s t e n o s i s .
E xperim ent 4« To m easure th e  e f f e c t  o f  s te n o s e s  on th e  shape o f  p r e s s u r e  
and f lo w  w aves.
These ex p erim en ts  were perfo rm ed  in  th e  D epartm ent o f  B iom ed ica l 
E n g in e e r in g , K in g 's  C o lleg e  H o sp ita l  M edica l School in  c o o p e ra tio n  w ith  
Dr. R .B erguer and Mr. R.F. H ig g in s . The m easuring  system s used  were s im i la r  
to  though n o t  i d e n t i c a l  to  th o se  d e s c r ib e d  in  th e  p re v io u s  c h a p te r  and 
w i l l  be d e s c r ib e d  in  th e  e x p e rim e n ta l m ethods.
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Method
The g reyhounds, w eigh ing  ab o u t 30 Kg, were a n a e s th e t i s e d  u s in g  
in tra v e n o u s  Nembutal ( l  mg/kg w e ig h t) .  The fem o ra l a r t e r y  on one s id e  
was exposed a lo n g  i t s  le n g th  and any c o l l a t e r a l  v e s s e l s  l i g a t e d  e x c e p t 
f o r  two sm a ll s id e  b ran ch e s  a s  f a r  a p a r t  a s  p o s s i b l e .  Through th e s e  were 
in s e r t e d  p l a s t i c  c a th e te r s  10 cms lo n g  connec ted  to  p r e s s u r e  t r a n s d u c e r s  
(B e l l  and Howell L221). The s id e  v e s s e ls  were t i e d  so a s  to  h o ld  th e  
c a th e te r s  f lu s h  w ith  th e  a r t e r y  w a ll .  T h is  system  was f i l l e d  c a r e f u l ly  
w ith  s a l i n e  so t h a t  no b u b b le s  were a p p a re n t .  S t a t i c  c a l i b r a t i o n  o f  th e  
p r e s s u re  tr a n s d u c e r s  was perfo rm ed  b e fo re  each  ex p erim en t w ith  a 
sphygmomanometer. No dynam ic c a l ib r a t i o n s  were p e rfo rm e d . The d i s ta n c e  
betw een th e  p r e s s u r e  m easu ring  s i t e s  was m easured w ith  a p ie c e  o f  th r e a d .
The e x te r n a l  d ia m e te r  o f  th e  a r t e r y  was m easured in  3 p la c e s  u s in g  a 
m ic ro m ete r, two m easurem ents c lo se  to  th e  p r e s s u r e  c a th e te r s  and one in  
betw een . P re v io u s ly  c a l i b r a t e d ,  c u f f - ty p e  e le c tro m a g n e tic  f lo w  p ro b e s  were 
th e n  chosen to  e n su re  a good f i t  w ith  minimum c o n s t r i c t i o n .  These were 
p la c e d  around th e  exposed a r t e r y  a t  e i t h e r  end a s  c lo se  a s  p o s s ib le  to  th e  
p r e s s u re  c a t h e t e r s .  The p ro b e s  were f ix e d  in  p o s i t i o n  w ith  a  s t i t c h  to  an 
a d ja c e n t  s k in  f l a p .  The e x p e rim e n ta l a rran g em en t i s  shown in  f ig u r e  (33)*
Flow was m easured w ith  an e le c tro m a g n e tic  flow m eter (N y co tro n , model 
37 2 ). P u l s a t i l e  p r e s s u r e  and flo w  waves were re c o rd e d  from  b o th  s i t e s  on 
a  6 channe l u l t r a  v i o l e t  l i g h t  r e c o rd e r  (S .E . L abs, ty p e  3 0 0 6 ). The mean 
flo w  m easured by th e  upstream  flo w  p ro b e  was a l s o  r e c o rd e d . Zero l e v e l s  
were o b ta in e d  by d i r e c t  o c c lu s io n  o f  th e  a r t e r y 'a n d  by i n i t i a l l y  open in g  
th e  p r e s s u re  tra n s d u c e r  to  a i r  by means o f  a  3 way ta p .  S a lin e  soaked gauze 
was l a i d  on th e  a r t e r y  to  p re v e n t i t  d ry in g  o u t .
P re s su re  waves were re c o rd e d  on l i g h t  s e n s i t i v e  p a p e r  a t  e i t h e r  
20 mmHg/cm d e f l e c t i o n  o r  40 mmHg/cm. Flow waves were re c o rd e d  a t  
40 ml/min/cm. o r  80 m l/n in /cm  d e f l e c t i o n .  The p a p e r  speed  was u s u a l ly  
100 m m /sec. T h is  g iv e s  betw een 30 and 40 m m /card iac  c y c le .  Waves were
F i g .  (33) The e x p e r im e n ta l  a r ra n g e m e n t  i n  a  dog , showing 
f lo w  p r o b e s  and p r e s s u r e  c a t h e t e r s  i n  p o s i t i o n .
The fe m o ra l  a r t e r y  i s  i n  t h e  c e n t r e  o f  th e  p i c t u r e .  
The t i e s  s e c u r i n g  th e  f lo w  p r o b e s  can be s e e n .
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t o  d a y l ig h t .  A ty p i c a l  t r a c in g  o f  no rm al p r e s s u r e  ana n o w  waves i s  
shown in  f i g u r e  (34) •
The c u rv e s  w ere d i g i t i s e d  a t  1 mm i n t e r v a l s  a lo n g  th e  tim e a x i s  
{ e q u iv a le n t  to  0 .01 s e c s )  u s in g  a  D-Mac m ach ine. T h is r e c o rd s  th e  
- c o o rd in a te s  o f  a  c u rs o r  t r a v e l l i n g  a lo n g  th e  wave t r a c e  a t  p o in t s  o f  
i n t e r e s t  ie *  v a lu e s  f o r  th e  h e ig h t  o f  th e  wave above th e  b ase  l i n e  and 
th e  p o s i t i o n  on th e  tim e a x is  can b e  p roduced  f o r  each  i n t e r v a l .  In  
t h i s  way each  re c o rd e d  wave was r e p re s e n te d  by a t  l e a s t  30 p a i r s  o f  
a m p litu d e  and tim e  v a lu e s .  The p r e c i s io n  o f  th e  d i g i t i s i n g  was 0 .1  mm. 
The c u rs o r  had a  m agn ify ing  e y e p ie c e  so t h a t  th e  e r r o r  in tro d u c e d  by 
th e  m anual p o s i t io n in g  o f  th e  c u rs o r  on th e  wave t r a c e  was alw ays l e s s  
th a n  0 .5  mm.
The D-Mac produced  80 column punched c a rd  o u tp u t .  F o u r ie r  a n a ly s i s  
o f  s e v e r a l  t r a c e s  was th e n  perfo rm ed  a t  th e  London U n iv e r s i ty  Computing 
C e n tre . In p u t im pedance was c a lc u la te d  by hand from  th e  am p litu d e  and 
p h ase  o f  th e  harm onics o f  p r e s s u re  and f lo w  t r a c e s .  P re lim in a ry  r e s u l t s  
showed t h i s  to  be an a c c e p ta b le  m ethod. S ubsequen t a n a ly se s  were c a r r i e d  
o u t  u s in g  a D-Mac in  th e  U n iv e r s i ty  H o s p i ta l  o f  South M an ch este r, which 
produced  p a p e r  ta p e  o u tp u t ,  and t h e 'a n a l y s i s  perfo rm ed  on a  Nova 820 
la b o ra to r y  com puter u s in g  th e  p rogram s d e s c r ib e d  in  A ppendix (5)«
.F o u rie r  a n a ly s i s  was perfo rm ed  to  10 harm onics o r  20 Hz w hichever 
was th e  low er f re q u e n c y . S ince  th e  a c c u ra c y  o f  d i g i t i s i n g  th e  wave 
t r a c e s  m ig h t be a s  po o r a s  + 0 .5  mm, harm onic  a m p litu d e s  o f  l e s s  th a n  
t h i s  v a lu e  a re  o m itte d  from  th e  r e s u l t s .  For p r e s s u r e  re c o rd e d  a t  
20 mmHg/cm t h i s  i s  e q u iv a le n t  to  1 mmHg, f o r  40 mmHg/cm, t h i s  i s  2 mmHg. 
F or f lo w  waves th e  s i g n i f i c a n t  v a lu e s  a re  2 m l/n in  f o r  40 m l/m in/cm  and 
4  m l/m in f o r  80 m l/n in /c m . T h is  assum es such  a c c u ra c y  was p r e s e n t  in  th e  
o r i g i n a l  r e c o rd in g s .
- 1The modulus o f  im pedance was c a lc u la te d  in  mmHg.ml .m in w h ic h  m igh t 
be  term ed " c l i n i c a l "  u n i t s .  C onversion  to  e . g . s .  and M .K.S. u n i t s  i s
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F ig . (34) Normal p r e s s u re  waves and flo w  waves re c o rd e d  from 
two s i t e s  in  th e  fem o ra l a r t e r y  o f  a g reyhound .
The cu rv es  were t r a c e d  from th e  c h a r t  o f  th e . u l t r a ­
v i o l e t  l i g h t  r e c o r d e r .
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R e s u lts
The m odulus o f  im pedance m easured in  th e  fem o ra l a r t e r y  o f  3 dogs 
w ith  h e a r t  r a t e s  o f  2*7, 3*1 and 3 .3  Hz i s  shown in  f ig u r e  (3 5 ) .  The
mean v a lu e  o f  a l l  3 i s  shown in  f ig u r e  (36)* W ith th e  l i m i t a t i o n  o f
a c c u ra c y  th e re  were no harm onics o f  any s ig n i f i c a n c e  above th e  s ix th  
and no f r e q u e n c ie s  o f  s ig n i f i c a n c e  above 18 Hz.
3h two ex p e rim en ts  th e  r e s i s t a n c e  m easured a t  th e  d i s t a l  end 
o f  th e  a r t e r y  was low er th an  t h a t  m easured a t  th e  p ro x im a l s i t e .  In  
b o th  c a se s  t h i s  was due to  an e r r o r  in  th e  m easurem ent o f  f lo w  and n o t  
to  a  f a l l  in  mean p r e s s u r e .  The im pedance was h ig h e r  a t  th e  d i s t a l  s i t e ,  
f ig u r e  (37.) • In  th e  t h i r d  ex p e rim en t th e  am p litu d e  o f  p r e s s u r e  d i s t a l l y  
was s i g n i f i c a n t  f o r  o n ly  two h arm o n ics .
The mean p h ase  i s  shown in .  f ig u r e  (3 6 ) .  At._the p ro x im al * s i t e  th e  
p h a se  o f  th e  f i r s t  harm onic  was n e g a t iv e  b u t i t  r o s e  r a p id l y  to  go 
p o s i t i v e  by 6 Hzt ab o u t th e  second harm o n ic . The r i s e  was a p p ro x im a te ly
l i n e a r  w ith  fre q u e n c y  a t  ab o u t 12°/Hz up to  12 Hz, i t  th e n  f l a t t e n e d
o u t .  The p h ase  m easured a t  th e  d i s t a l  s i t e  s t a r t e d  n e g a t iv e  and ro s e  
a t  th e  second harm onic , f ig u r e  (37)* I t  ap p ea red  to  l e v e l  o f f  a t  8 Hz.
In  one case  i t  rem ained  n e g a t iv e  to  ab o u t 15 Hz.
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F ig . (35) The norm al m odulus o f  im pedance a t  th e  p ro x im al
end o f  th e  fem o ra l a r t e r y  in  th r e e  greyhound d o g s , 
A,. B, C. The d o tte d  l i n e  r e p r e s e n t s  th e  r e s u l t s  
o f  O’Rourke and T ay lo r (1 9 6 6 ).
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F ig . (36) The mean v a lu e  o f  im pedance in  th e  fem o ra l a r t e r y  
f o r  th e  t h r e e * r e s u l t s  shown in  f ig u r e  (3 5 ) , n o te  
th e  change o f  s c a le  
X th e  r e s u l t s  o f  t h i s  s tu d y  
•  d a ta  from O’Rourke and Taylor- (1966)
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F ig . (37) The norm al im pedance m easured in  th e  d i s t a l  fem o ra l
: ' a r t e r y  f o r  two c a se s  in  which th e  harm onic
a m p litu d e s  were s i g n i f i c a n t  
X v a lu e s  f o r  an im al A in  f i g .  35
0  v a lu e s  f o r  an im al B in  f i g .  35
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Method i
The d e v ic e s  used  to  s im u la te  c o n s t r i c t i o n  due to  a r t e r i a l  d is e a s e  
were o f  th r e e  ty p e s ,  r e f e r r e d  to  a s  b lo c k , o r i f i c e  and t i e  s te n o s e s .
The b lo c k  s te n o s e s  were d r i l l e d  p l a s t i c  ro d s  s p l i t  to  e n a b le  them to  be 
p la c e d  around  th e  a r t e r y ,  and h e ld  to g e th e r  by two sc rew s. They were 
made in  s e v e ra l  l e n g th s .  F ig u re  (38) shows such a  b lo c k  on th e  a r t e r y .
The o r i f i c e  s te n o s e s  were th in  alum inium  p l a t e s  d r i l l e d  w ith  h o le s  
o f  known d ia m e te r  and h av in g  a  s l o t  f o r  i n s e r t i n g  th e  a r t e r y ,  f ig u r e  (3 9 ) .  
U n fo r tu n a te ly  when th e  d ia m e te r  was v e ry  sm a ll th e  a r t e r y  tended  to  
s l i p  o u t .
T h e . t i e  s te n o s is  c o n s is te d  o f  a looped  n y lo n  th re a d  a t ta c h e d  to  
two p l a s t i c  b lo c k s . The b lo c k s  were co n n ec ted  by a  p a i r  o f  m e ta l ro d s  
and one o f  th e  b lo c k s  was f r e e ,  to  s l i d e .  By moving t h i s  b lo c k  on th e  
ro d s  th e  d ia m e te r  o f  th e  loop  can be changed . The d e v ic e  i s  shown in  
f ig u r e  (4 0 ) .  I t  was c a l ib r a t e d - b y - in s e r t i n g  d r i l l s  o f  known d ia m e te r  in  
th e  loop and m easu rin g  th e  d is ta n c e  a p a r t  o f  th e  b lo c k s  u s in g  a  v e r n ie r  
c a l i p e r .
S e v e ra l m ethods were used  in  a t te m p ts  to  m easure th e  i n t e r n a l  
d ia m e te r . S i l ic o n e  ru b b e r  o r  p l a s t e r  o f  P a r is  c a s t s  d id  n o t  p ro v e  v e ry  
s u c c e s s fu l  due to  s h r in k a g e . The method f i n a l l y  ad o p ted  was a s  fo l lo w s .
The mean in -v iv o  p r e s s u r e  was n o te d  and th e  i n - s i t u  le n g th  o f  th e  
a r t e r y  m easured . A f te r  th e  ex p erim en t th e  a r t e r y  was e x c ise d  and co n n ec ted  
to  th e  a p p a ra tu s  shown in  f ig u r e  (41 ) c a re  b e in g  ta k e n  to  m a in ta in  i t s  
le n g th .  I t  was f lu s h e d  w ith  s a l i n e  from l e f t  to  r i g h t  to  remove b lood  
and a i r  b u b b le s . When no f u r th e r  b u b b le s  o r  b lo o d  were e x p e l le d  from  
th e  r i g h t  hand ta p  i t  was c lo se d  and th e  a r t e r y  f i l l e d  from r i g h t  to  
l e f t  w ith  th in  X -ray  c o n t r a s t  medium (M icro p aq u e). When th e  c o n t r a s t  reac h ed  
th e  s y r in g e  a t  th e  s a l i n e  i n l e t  t h i s  tap  was c lo s e d  and th e  p r e s s u r e  
t r a n s d u c e r  tap  opened. F u r th e r  c o n t r a s t  medium was in j e c te d  u n t i l  th e
F i g ,  (38)  A b l o c k  s t e n o s i s  on th e  f e m o ra l  a r t e r y  o f  a  dog .
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F i g .  (39)  An o r i f i c e  s t e n o s i s  on th e  f e m o ra l  a r t e r y  o f  a  do g .
1 2  4
F i g .  (40 )  The t i e  s t e n o s i s .
The n y lo n  t h r e a d ,  s e c u r e d  a t  th e  r i g h t  hand  e n d ,  
i s  p a s s e d  round  th e  a r t e r y  and th ro u g h  a  s m a l l  m e ta l  
r i n g  b e f o r e  b e in g  clam ped i n  th e  l e f t  hand  b l o c k  by 
th e  s c re w .
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F ig . (41 ) The a rrangem en t f o r  f i l l i n g  th e  e x c ise d  a r t e r y
w ith  c o n t r a s t  medium f o r  d e te rm in a tio n  o f  i n t e r n a l  
d ia m e te r  by X -ray  p h o to g rap h y .
1 2 6
X -ray  p h o to g rap h s  o f  tdie a r t e r y  were ta k en  w ith  v a r io u s  s te n o s e s  
a p p l ie d .  The a r t e r y  was p la c e d  d i r e c t l y  on th e  p h o to g ra p h ic  p l a t e  and th e  
x - r a y  so u rce  moved a s  f a r  away a s  p o s s ib le  to  av o id  d i s t o r t i o n .  D r i l l s  
were p la c e d  a lo n g s id e  th e  a r t e r y  f o r  c a l i b r a t i o n  o f  th e  p h o to g rap h s  
which were e n la rg e d  to  ap p ro x im a te ly  2 .4  tim es  a c tu a l  s i z e  fo r  
m easurem ent w ith  c a l i p e r s .
With th e  b lo c k  s te n o s e s  th e re  was ta p e r in g  o f  th e  i n t e r n a l  d ia m e te r  
w ith in  th e  c o n s t r i c te d  le n g th .  . For b o th  b lo c k  and t i e  s te n o s e s  th e  
i n t e r n a l  d ia m e te r  was m easured a t  th e  n a rro w e s t p o in t .  T h is m ethod was 
n o t  a tte m p te d  w ith  th e  o r i f i c e  s te n o s e s .
A ll  th r e e  ty p e s  o f  s te n o s i s  were used  to  in v e s t ig a t e  th e  e f f e c t  o f  
d e c re a s in g  th e  d ia m e te r  o f  th e  lum en. A s te n o s i s  was d e f in e d  by th e  a r e a  
o f  th e  lumen a s  a  % o f  th e  norm al a re a  o f  c ro s s  s e c t io n .  The b lo c k  and 
o r i f i c e  in v e s t ig a t io n s  were perfo rm ed  on th e  same a n im a l. The s t e n o s i s  
was p la c e d  midway betw een th e  flo w  p ro b e s .  M easurem ents o f  p r e s s u r e  
and flo w  were perfo rm ed  a s  d e s c r ib e d  in  E xperim ent 1.
R e s u lts
The r e la t io n s h ip  betw een th e  s e p a r a t io n  o f  th e  p l a s t i c  b lo c k s  
and th e  d ia m e te r  o f  th e  t i e  s te n o s i s  d e te rm in ed  by u s in g  d r i l l s  i s  shown 
in  f ig u r e  (4 2 ) .  The i n t e r n a l  d ia m e te r  m easured on th e  x - r a y  p h o to g ra p h s  
f o r  v a ry in g  e x te r n a l  d ia m e te r  i s  shown f o r  th e  b lo c k  and t i e  s te n o s e s  in  
T ab le  ( l l )  and f ig u r e  (4 3 ) .  The r e l a t io n s h ip  may n o t  be l i n e a r .
The e f f e c t  o f  a  s te n o s i s  on th e  im pedance a t  ze ro  f re q u e n c y , th e  
r e s i s t a n c e ,  i s  shown in  f ig u r e  ( 4 4 ) .  There was no s i g n i f i c a n t  change 
w ith  th e  b lo c k  s t e n o s i s .  There was no change w ith  th e  o th e r  s te n o s e s  
u n t i l  th e  lumen was red u ced  to  l e s s  th a n  30% o f  i t s  o r i g i n a l  v a lu e .  The 
r e s i s t a n c e  o f  th e  s te n o s i s  i s o l a t e d  from  th e  v a s c u la r  bed i s  a l s o  shown by 
r e p la c in g  th e  in p u t  p r e s s u re  by th e  p r e s s u r e  drop  a c ro s s  th e  s t e n o s i s .
The im pedance r e s u l t s  f o r  b lo c k  and o r i f i c e  s te n o s e s  a re  shown to g e th e r  
in  f ig u r e  (4 5 ) .  The 77, 39, 35 and 15% s te n o s e s  d id  n o t  d i f f e r
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DIAMETER OF TIE (m m )
F ig . ( 42) The r e l a t io n s h ip  betw een th e  d ia m e te r  o f  th e  
t i e  s te n o s is  p la c e d  around a  d r i l l  and th e  
s e p a ra t io n  o f  th e  p l a s t i c  b lo c k s  m easured by- 
v e r n ie r  c a l i p e r s .
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I n te r n a l  D ia o f  
s te n o s i s  (mm)
I n te r n a l  D ia o f  
a r t e r y  (mm)
W all 
T h ick n ess  (mm)
B lock S te n o s is  
5 
4 
3
4 .17
2 .92
1.67
0 .4 3
0 .5 4
0 .6 7
T ie  S te n o s is
6 .9 5
5 .6 0
4 .1 5
3 .5 0
5.31
4 .0 6
2.86
1 .9 2
0 .8 2
0 .7 7
0 .6 5
0 .7 9
T ab le  (-]'])
D im ensions o f  s te n o se d  a r t e r y  m easured  from  X -ray  p h o to g ra p h s .
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F ig . (43) The r e la t io n s h ip  betw een i n t e r n a l  d ia m e te r  o f
th e  e x c ise d  a r t e r y  d e te rm in ed  from th e  X -ray
p h o to g rap h s  and th e  e x te r n a l  d ia m e te r  g iv en  by
th e  s te n o s is  *
X r e s u l t s  f o r  b lo c k  s te n o s is  
0 r e s u l t s  f o r  t i e  s te n o s is
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F ig , ( 44) The e f f e c t  on r e s i s t a n c e  o f  re d u c in g  th e  lumen
o f  a s t e n o s i s .  The l e f t  hand a x is  and upper cu rv es  
r e p r e s e n t  th e  t o t a l  r e s i s t a n c e  o f  th e  v a s c u la r  b ed . 
The r i g h t  hand a x is  and lo v e r  cu rv es  r e p r e s e n t  th e  
r e s i s t a n c e  o f  th e  s te n o s is  a lo n e , 
ft b lo c k  s te n o s i s  
X o r i f i c e  s te n o s is  
O t i e  s te n o s is
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F ig . (45) Modulus o f  im pedance a t  th e  p ro x im al s i t e  m easured 
w ith  a s te n o s i s  on th e  a r t e r y ,  f o r  o r i f i c e  s te n o s e s  
(above) and b lo c k  s te n o s e s  (below )
A 100% lumen (norm al)
B 77% lumen
C 39% lumen
D 35% lumen
E 15% lumen
F 11 % lumen
G 4 % lumen
t h e r e a f t e r  th e y  were low er th a n  norm al and th e  r i s e  seen  in  norm al 
im pedance seemed to  have been f l a t t e n e d  o u t o r  d e la y e d . The o n s e t  o f  
a  p eak  may be seen  in  th e  35 and 15% s te n o s e s .  W hile th e  11% s te n o s i s  
d i f f e r e d  from  norm al a t  th e  3 rd  and 4 th  harm onic i t  had no h ig h e r  
harm o n ics  o f  s ig n i f i c a n c e  and th e  tr e n d  co u ld  n o t  be d e te rm in e d . The 
im pedance o f  a  4% s te n o s i s  was s i g n i f i c a n t l y  h ig h e r  f o r  th e  f i r s t  th r e e  
h a rm o n ics , and was c l e a r ly  r i s i n g  a t  15 Hz.
The im pedance o f  th e  t i e  s t e n o s i s  i s  shown in  f ig u r e  (4 6 ) .  A t th e  
f i r s t  harm onic th e  69, 28 and 16% s te n o s e s  d i f f e r e d  from  th e  norm al by 
l e s s  th a n  25%» The im pedance o f  th e  16% s te n o s e s  was h ig h e r  th a n  norm al 
a t  th e  second and th i r d  harm onics a f t e r  w hich, due to  th e  f lo w  s c a le  
used  th e  a m p litu d e  was l e s s  th a n  th e  a cc u racy  o f  m easurem ent. The 69% 
and 28% s te n o s e s  d id  n o t  d i f f e r  u n t i l  th e  t h i r d  harm onic (10 Hz) when ' 
th e  69% s te n o s is  showed some change. From 10 to  16 Hz bo th  were 
s i g n i f i c a n t l y  h ig h e r  th an  th e  n o rm al. For th e  10% s te n o s i s  th e  am p litu d e  
o f  im pedance was s i g n i f i c a n t l y  g r e a t e r  th a n  n o rm al a t  th e  f i r s t  th r e e  
h arm o n ics , w h ile  th e  6% was tw ic e  norm al a t  th e  f i r s t  h arm on ic , seven  
tim es  a t  th e  second and e le v e n  tim es  by th e  t h i r d ,  f ig u r e  (4 6 ) .
The e f f e c t  o f  a  s te n o s i s  on th e  p h ase  o f  im pedance d id  n o t  f o l lo w  a 
p a t t e r n .  For th e  b lo c k  s te n o s e s  th e  p h ase  s t a r t e d  s l i g h t l y  low er th a n  
norm al and ro s e  l e s s  s te e p ly  a s  th e  c o n s t r i c t i o n  became more s e v e re ,  
f ig u r e  (4 7 )•  The o p p o s ite  was seen  f o r  th e  t i e  s t e n o s i s ,  f ig u r e  ( 48 ) .
The r e s u l t s  f o r  th e  o r i f i c e  s te n o s i s  had no p a t t e r n .
The e f f e c t  o f  d e c re a s in g  th e  lumen o f  a  s te n o s i s  on d i f f e r e n t  
harm onics o f  im pedance can be seen  in  f ig u r e  (4 9 ) .
Impedance m easured d i s t a l  to  a s te n o s is  was rem a rk ab ly  c o n s ta n t  
f o r  th e  f i r s t  th r e e  h a rm o n ics , above which v a lu e s  o f  p r e s s u r e  were 
i n s i g n i f i c a n t .
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F ig . (46) Modulus o f  im pedance a t  th e  p ro x im al s i t e  m easured 
w ith  th e  t i e  s te n o s i s  on the  a r t e r y .
A' 100% lumen (norm al)
B 69% lumen
C 28% lumen
D 16% lumen
E 10% lumen
F 6% lumen
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F ig . (47) Phase o f  im pedance m easured w ith  th e  b lo c k  s te n o s i s  
on th e  a r t e r y .
A- 100% lumen (norm al)
B 77% lumen
D 35% lumen
F 11% lumen
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F ig . (48) Phase o f  im pedance m easured w ith  th e  t i e  s te n o s i s  on 
th e  a r t e r y ’.
A • 100% lumen
B 69% lumen
C 28% lumen
D 16% lumen
E 10% lumen
F 6% lumen
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F ig . (49 ) Comparison o f  th e  s e n s i t i v i t y  o f  d i f f e r e n t
harm onics o f  im pedance to  r e d u c t io n  in  th e  lum en. 
K 1 the . mean term  ( r e s i s t a n c e )
O , th e  f i r s t  harm onic 
9 , the, second harm onic
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Method
A t i g h t  b lo c k  s te n o s i s  was u se d , p la c e d  a g a in s t  th e  low er flo w  
probe# I t  red u ced  th e  lumen to  a p p ro x im a te ly  11% o f  norm al# M easurem ents 
o f  p r e s s u r e  and f lo w  were p erfo rm ed  a s  d e s c r ib e d  in  E xperim ent 1# The 
le n g th  was in c re a s e d  by p la c in g , f u r th e r  s te n o s e s  o f  th e  same d ia m e te r  
a d ja c e n t  to  th e  f i r s t #
R e s u lts
The v a lu e s  o f  r e s i s t a n c e  a re  shown in  f ig u r e  (50)# A 2 cm lo n g  
s te n o s i s  had a  s i g n i f i c a n t  e f f e c t  on th e  t o t a l  r e s i s t a n c e  and in c r e a s e s  
in  le n g th  c o n tin u e d  to  in c re a s e  th e  r e s is ta n c e #  Wien th e  p r e s s u r e  drop 
a c ro s s  th e  s te n o s i s  was m easured i t  seemed t h a t  th e  r e s i s t a n c e  was 
l i n e a r l y  r e l a t e d  to  th e  le n g th  o f  th e  s te n o s is #  •
The v a r i a t i o n  in  im pedance w ith  change in  le n g th  i s  shown in  •
f ig u r e  (5 l)«  In c re a s in g  th e  le n g th  o f  a  s te n o s i s  r a i s e d  th e  im pedance 
a t  th e  f i r s t  two harm onics# F ig u re  (52) g iv e s  a  com parison o f  th e  e f f e c t  
o f  le n g th  on d i f f e r e n t  harm onics#
W hile th e  p h ase  a t  th e  f i r s t  harm onic was n e g a t iv e  in  a  no rm al a r t e r y ,  
a l l  le n g th s  o f  s te n o s e s  p roduced  a  p o s i t i v e  p h ase  o f  a p p ro x im a te ly  th e  
same v a lu e ,  f ig u r e  (5 l)«  There was no change in  im pedance m easured 
d i s t a l l y  though th e  p h ase  f o r  b o th  norm al and s te n o se d  a r t e r i e s  was 
n e g a t iv e  a t  b o th  th e  f i r s t  and second h arm o n ics .
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F ig , (50 ) The e f f e c t  on r e s i s t a n c e  o f  in c re a s in g  th e  le n g th  
o f  a b lo c k  s t e n o s i s ,
X t o t a l  r e s i s t a n c e  o f  th e  v a s c u la r  bed
•  r e s i s t a n c e  o f  th e  s te n o s i s  a lo n e
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F ig . (51) The e f f e c t  on im pedance o f  d i f f e r e n t  le n g th s  o f
a b lo c k  s te n o s i s  which red u ced  th e  a re a  o f  th e  lumen 
to  11% o f  n o rm al.
A, no s te n o s i s  (norm al)
B, s te n o s i s  1 cm long
C, s te n o s i s  2 cm long
D, s te n o s i s  2 .5  cm long  
Ef s te n o s i s  3 cm long  
F, s te n o s i s  4 cm long
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F ig . (52) Comparison o f  th e  s e n s i t i v i t y  o f  d i f f e r e n t
harm onics o f  im pedance to  th e  le n g th  o f  a b lo c k  
s t e n o s i s .
X  , th e  mean term  ( r e s i s t a n c e )  
q  f th e  f i r s t  harm onic 
6 , th e  second harm onic
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Method
Changes in  wave shape d i s t a l  to  a  s te n o s i s  can be  c h a r a c te r i s e d  
by com parison  w ith  th e  unm odified  wave. From th e  r e s u l t s  o f  F o u r ie r  
a n a ly s i s  p erfo rm ed  on d a ta  c o l le c te d  in  p re v io u s  ex p erim en ts  th e  
v a r i a t i o n  in  a m p litu d e  o f  th e  harm onics o f  p r e s s u re  and f lo w  waves due 
to  th e  p re se n c e  o f  a  s te n o s i s  was c a l c u la te d .
R e s u lts
The am p litu d e  o f  f lo w  dow nstream  o f  v a r io u s  s te n o s e s  i s  shown a s  
a  p e rc e n ta g e  o f  i t s  norm al v a lu e  in  f ig u r e  (5 3 ) .  As freq u en cy  in c r e a s e s  
a t te n u a t io n  becomes more s e v e re .  The am p litu d e  and p h ase  o f  f lo w  
dow nstream  i s  compared to  th e  a m p litu d e  and p hase  o f  f lo w  u p stream  in  
f ig u r e  (5 4 )•  F or a  norm al a r t e r y  th e  am p litu d e  r a t i o  f e l l  to  a  minimum 
o f  60% a t  ab o u t 5 Hz a f t e r  which i t  ro s e  to  re a c h  a peak  o f  n e a r ly  200% 
a t  16 Hz. The p re se n c e  o f  s te n o s e s  may have deepened th e  tro u g h , and 
in tro d u c e d  an e a r l i e r  p e a k . The m ajo r p eak  moved in to  th e  h ig h e r  
f r e q u e n c ie s .
The am p litu d e  o f  th e  d i s t a l  p r e s s u re  wave ex p re sse d  a s  a  p e rc e n ta g e  
o f  i t s  norm al v a lu e  i s  shown in  f ig u r e  (5 5 ) .  As w ith  th e  f lo w  waveform 
th e  a t te n u a t io n  in c re a s e s  a s  fre q u e n c y  in c r e a s e s .  A com parison  o f  th e  
am p litu d e  and p h ase  o f  th e  dow nstream  p r e s s u r e  w ith  th e  c o rre sp o n d in g  
v a lu e s  from u p stream  i s  shown in  f ig u r e  (5 6 ) .  For a  no rm al a r t e r y  th e  i 
am p litu d e  r a t i o  ro s e  to  a  p eak  o f  2 .4  a t  ab o u t 13 Hz and th e n  f e l l  to  l e s s  
th an  0 .9  by 17 Hz. As th e  s te n o s i s  t ig h te n e d  t h i s  peak  was damped so 
t h a t  f o r  a 16% lumen th e  r a t i o  n e v e r ro s e  a b o v e '1 .0 .  A ll  f r e q u e n c ie s  
w e r e 'a t te n u a te d ,  th e  h ig h e r  f re q u e n c ie s  b e in g  a f f e c te d  m o st. The 
d i f f e r e n c e  in  p h ase  a t  th e  two s i t e s  i s  n e g a t iv e  i n d i c a t in g  a d e la y  in  
p u ls e  wave t r a n s m is s io n .  The d e la y  in c r e a s e s  w ith  b o th  fre q u e n c y  and 
r e d u c t io n  in  th e  lumen a r e a .
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F ig . (53) The am p litu d e  o f  th e  flo w  wave m easured dow nstream  
o f  a s te n o s i s  a s  a p e rc e n ta g e  o f  i t s  v a lu e  in  th e  
norm al a r t e r y . .
X , th e  mean flo w  
O f th e  f i r s t  harm onic 
» , th e  second harm onic
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F ig , (54) The r a t i o  o f  th e  am p litu d e  o f  th e  f lo w  wave 
m easured dow nstream  o f  a b lo c k  s te n o s i s  to  
th e  am p litu d e  m easured upstream  and th e  
a s s o c ia te d  phase  d e la y ,
A 100% lumen (norm al)
B 77% lumen
C 35% lumen
D 11 % lumen
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F ig . (55) The am p litu d e  o f  th e  p r e s s u re  wave m easured down­
stream  o f  a s te n o s is  a s  a p e rc e n ta g e  o f  i t s  v a lu e  
in  th e  norm al a r t e r y .
X , th e  mean p re s s u re  
O » th e  f i r s t  harm onic 
» f th e  second harm onic
1 4 5
PH
AS
E 
DE
LA
Y 
( d
eg
ree
s) 
PR
ES
SU
RE
 
AM
PL
ITU
DE
 
RA
TIO
FREQUENCY ( H z )
-1 2 0
F ig . (56) The r a t i o  o f  th e  am p litu d e  o f  th e  p re s s u re  wave
m easured downstream  o f  a t i e  s te n o s is  to  th e  a m p litu d e  
m easured u p stream  and th e  a s s o c ia te d  phase d e la y .
A, 100% lumen (n o rm a l) . B, 69% lum en.
C, 28% lum en. D, 16% lum en. E, 10% lum en.
F, 6% lumen.
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One o f  th e  f a i l i n g s  o f  th e  e x p e r im e n ta l a rran g em en t was t h a t  
dynam ic c a l ib r a t i o n  o f  p r e s s u r e  and f lo w  t r a n s d u c e r s  was n o t  p e rfo rm e d . 
However th e  c a th e te r s  used  to  m easure p r e s s u r e  w ere s h o r t  and o f  f a i r l y  
w ide lum en so th e  re sp o n se  sh o u ld  have been  a d e q u a te . C a l ib r a t io n  
f a c t o r s  used  f o r  th e  f lo w  p ro b e s  w ere d e te rm in e d  p r e v io u s ly  f o r  c l i n i c a l  
u s e  and were s u b je c t  to  th e  e r r o r s  d e s c r ib e d  i n  C hap ter 2 , though 
th e  a r t e r i e s  were n o t  a f f e c te d  by a t h e r o s c l e r o s i s .  The p ro b e s  were 
p la c e d  a s  c lo s e  to  th e  c a t h e te r s  a s  p o s s ib le  to  m in im ize e r r o r s  due 
to  n o t  m easu rin g  f lo w  and p r e s s u r e  a t  th e  same s i t e .  The d i s ta n c e  
betw een them was n e v e r  g r e a t e r  th an  2 cm.
The. c h a r t  r e c o rd s  p roduced  were rem a rk ab ly  c l e a r ,  f i n e  and n o is e  f r e e  
so  t h a t  t r a c in g  them was n o t  d i f f i c u l t .  T h is  was p ro b a b ly  due to  th e  
f a c t  t h a t  th e  a r t e r i e s  were in  a  h e a l th y  c o n d i t io n  and th e  f lo w  p ro b e  
f i t t e d  w e l l .  T y p ic a l p r e s s u r e  waves show a  h ig h  mean l e v e l  w ith  an 
a d d i t io n a l  o s c i l l a t o r y  com ponent. Nprmal f lo w  waves have a  sm a ll mean • 
v a lu e  w ith  a la r g e  fo rw ard  su rg e  fo llo w ed  by a  p e r io d  o f  r e v e r s e d  f lo w , 
f ig u r e  (34) -
Removal -of. th e  a r t e r y  from  th e  an im al f o r  m easurem ent m eant t h a t  th e  
e x tim a te s  o f  i n t e r n a l  d ia m e te r  c o n ta in  c o n s id e ra b le  in a c c u r a c ie s .  S e v e ra l 
m ethods o f  m easurem ent were a tte m p te d  b u t  no c o m p le te ly  s a t i s f a c t o r y  
method was o b ta in e d .
In fo rm a tio n  o b ta in e d  from  harm onic a n a ly s i s  i s  in h e r e n t ly  l im i t e d  
to  th o se  f r e q u e n c ie s  which a r e  in t e g e r  m u l t ip le s  o f  th e  h e a r t  r a t e .
T h is  le a v e s  gaps in  th e  d a ta  malting th e  r e c o g n i t io n  o f  t r u e  t r e n d s  d i f f i c u l t .  
I t  i s  p o s s ib le  to  o b ta in  d a ta  f o r  th e  in te rm e d ia te  f r e q u e n c ie s  by sp e e d in g  
up o r  s low ing  down th e  h e a r t  by th e  a d m in is t r a t io n  o f  d ru g s  o r  by* d i r e c t  
e l e c t r i c a l  s t im u la t io n  o f  th e  d e n e rv a te d  h e a r t .  Such te c h n iq u e s  w ere n o t  
a tte m p te d  in  t h i s  p re l im in a ry  s tu d y .
The im pedance in  th e  3 no rm al fem o ra l a r t e r i e s  showed c o n s id e ra b le  
v a r i a t i o n .  The f ig u r e s  a re  much l a r g e r  th a n  th o s e  g iv e n  by  C R o u rk e
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n o t  .Known wnicn ty p e  r n e i r  d a ta  r e ± e r s  t o .  i t  i s  p o s s io ie  t n a t  ou r 
m easurem ents were c a r r i e d  o u t  a t  a  s i t e  more d i s t a l  than  t h e i r s ,  which 
would p ro d u ce  a  h ig h e r  im pedance ( s e e  McDonald 1974, page 3 6 0 ). The 
-m easurem ents o f  p h ase  re sem b le  th o s e  o f  McDonald r a th e r  th an  th o se  
o f  O’ Rourke and T a y lo r . The e r r o r s  in  p h ase  m ust have been  q u i te  la rg e  
s in c e  v a lu e s  g r e a te r  th a n  90° were r e c o rd e d . The r i s e  in  p h ase  re c o rd e d  
b y  McDonald was a p p ro x im a te ly  6 ° / Hz w h ile  t h a t  shown in  f ig u r e  (36) 
i s  a b o u t 12° /H z .  The e r r o r  in  p h ase  due to  th e  p o s i t i o n  o f  th e  p ro b e s  
i s  betw een 1 and 2°/H z (W este rh o f and N o o rd e rg ra a f , 1 9 7 0 (a ) . The 
d i f f e r e n c e  i n  th e se  f ig u r e s  cou ld  e a s i l y  be a  consequence o f  th e  
f re q u e n c y  re sp o n se  o f  th e  flo w m ete r , ( s e e  T ab le  (1 0 ) ; c h a p te r  2 ) .
I n  m ost p u b lish e d  works a  s t e n o s i s  i s  d e s c r ib e d  a s  a  p e rc e n ta g e  o f  
th e  c ro s s  s e c t io n a l  a r e a  o f  th e  u n c o n s tr ic te d  tu b e  though th e r e  a re  
r e a s o n s  to  p r e f e r  th e  d ia m e te r  r a t i o  a s  an in d e x  (B erguer and Hwang, 1974). 
The v a r i a t i o n s  in  in p u t  r e s i s t a n c e  in c lu d e  th o se  o f  th e  p e r ip h e r a l  bed 
which may be changed by o th e r  f a c t o r s .  W hile th e  b lo c k  ty p e  s t e n o s i s  
seemed to  have no e f f e c t  on th e  t o t a l  r e s i s t a n c e  i t ‘ h as  an a lm o s t l i n e a r  
e f f e c t  on lo n g i tu d in a l  r e s i s t a n c e .  The e f f e c t  o f  th e  t i e  s te n o s i s  on 
lo n g i tu d in a l  r e s i s t a n c e  was more th an  w ith  th e  o th e r  s te n o s e s  b u t  d id  
-not ta k e  e f f e c t  u n t i l  th e  lumen was red u ced  to  l e s s  th a n  20% o f  n o rm a l.
The e f f e c t s  o f  a  b lo c k  s te n o s i s  may be due to  f r i c t i o n a l  lo s s e s  r a th e r  
th a n  to  change in  a re a  s in c e  th e se  lo s s e s  in c re a s e  a s  th e  lumen d e c re a s e s .
F o r m inor s te n o s e s  o f  th e  b lo c k  and o r i f i c e  ty p e  th e  r i s e  in  im pedance 
seen  in  E xperim ent 1, f ig u r e  (36) d is a p p e a re d  o r  p o s s ib ly  moved to  h ig h e r  
f r e q u e n c ie s .  Such changes can be a t t r i b u t e d  to  r e f l e c t i o n s  from  d i s t a l  
s i t e s ,  th e  r e f l e c t i o n  may have been c u t o f f  o r  d e la y e d  by th e  s t e n o s i s .
The p re s e n c e  o f  a  peak  a t  low er f r e q u e n c ie s  i s  u n l ik e ly  to  be due to  
r e f l e c t i o n s  from th e  s t e n o s i s ,  i t  would p roduce  a  peak  a t  h ig h e r  
f r e q u e n c ie s .  Only th e  4% s te n o s i s  i s  c o n s i s t e n t ly  d i f f e r e n t  from  n o rm al.
U sing  a  t i e  s t e n o s i s ,  a' 20% lumen can be d i s t in g u is h e d  by th e  second
f r e q u e n c ie s  were s e n s i t i v e  to  s m a lle r  r e d u c t io n s  in  a r e a .  The second 
harm onic i s  c l e a r l y  more s e n s i t i v e  th a n  th e  f i r s t ,  f ig u r e  (4 9 ) ,  and 
though f o r  sm a ll r e d u c t io n s  i t  may n o t  p roduce  changes g r e a t e r  than  
th o se  t h a t  app ea r in  th e  r e s i s t a n c e ,  th e  p e rc e n ta g e  changes a re  f a r  
g r e a t e r .
The r e s i s t a n c e  o f  a s t e n o s i s  i s  c l e a r ly  r e l a t e d  to  th e  le n g th ,  
f ig u r e  (5 0 ) .  The f a l l  in  a b s o lu te  r e s i s t a n c e  f o r  a  1 cm s te n o s i s  was due to  
a f a l l  in  th e  p e r ip h e r a l  r e s i s t a n c e  when th e  f lo w  to  th e  lim b was re d u c e d , 
For a  s e v e re  s te n o s i s  th e  le n g th  h a s  a s i g n i f i c a n t  - e f f e c t  on th e  modulus 
o f  im pedance, f ig u r e  (5 1 )•  A t f i r s t  i t  a p p e a rs  t h a t  h ig h e r  harm onics 
o f  im pedance a re  a f f e c te d  more by changes in  le n g th  b u t th e  tre n d  i s  
u n c e r t a in ,  f ig u r e  (5 2 ) .  W hile th e  le n g th  o f  a s te n o s is  does n o t  a f f e c t  
th e  p h ase  s i g n i f i c a n t l y ,  i t  i s  i n t e r e s t i n g  t h a t  f o r  v a r io u s  le n g th s  o f  th e  
same s te n o s i s  th e  p h ase  o f  th e  f i r s t  harm onic i s  c o n s ta n t .  The p o s i t i v e  
change from th e  norm al v a lu e  im p lie s  t h a t  th e  r i s e  in  p r e s s u r e  o c c u rs  
b e fo re  th e  r i s e  in  flo w .
The changes in  wave shape p roduced  by a  s te n o s i s  a r e  e a s i l y  
re c o g n ise d  by  th e  eye b u t  t h e i r  n u m e ric a l d e s c r ip t io n  i s  d i f f i c u l t .  As 
a  s te n o s i s  becomes more s e v e re ,  i e .  th e  lumen d e c re a s e s ,  th e  am p litu d e  
o f  f lo w  m easured d i s t a l  to  th e  s te n o s i s  f a l l s .  A t h ig h e r  f r e q u e n c ie s ,  
th e  f a l l  i s  g r e a t e r ,  f ig u r e  (5 3 ) .  However th e  am p litu d e  m easured  u p s tream  
a ls o  f a l l s  a s  th e  lumen d e c re a se s  and by a lm o s t th e  same am ount. The change 
in  shape o f  th e  f lo w  wave a s  d e s c r ib e d  by th e  r a t i o  o f  th e  am p litu d e  
dow nstream  to  t h a t  upstream  d id  n o t  h e lp  to  d i f f e r e n t i a t e  one s t e n o s i s  from  
a n o th e r ,  f ig u r e  (5 4 ) .  The am p litu d e  r a t i o  f e l l  w ith  in c r e a s in g  f re q u e n c y  • 
b u t th e  m agnitude o f  th e  change cou ld  n o t  be r e l a t e d  to  th e  s i z e  o f  th e  
c o n s t r i c t i o n .  At h ig h e r  f r e q u e n c ie s  th e  r a t i o  d id  n o t  f a l l  b u t  showed 
p eak in g  which may be a t t r i b u t e d  to  th e  tim e ta k e n  f o r  waves to  t r a v e l  
betw een th e  flo w  p ro b e s  and to  r e f l e c t i o n s  from  th e  p e r ip h e r a l  b ed . The 
p hase  became more n e g a t iv e  a s  th e  lumen d e c re a se d  in d i c a t in g  a  d e la y  in
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moved in  a  p o s i t i v e  d i r e c t i o n .
Even when mean flo w  th ro u g h  a  segm ent i s  red u ced  due to  a  c o n s t r i c t i o n  
u p s tream  and downstream  flo w s rem ain  e q u a l .  In  c o n t r a s t  th e  p r e s s u r e  
a t  th e  in p u t  to  th e  a r t e r i a l  s e c t io n  i s  ro u g h ly  c o n s ta n t .  A r e d u c t io n  
i n  i h e  a r e a  o f  th e  lumen can cau se  a  f a l l  i n  mean p r e s s u r e  m easured  
d i s t a l l y ,  so th e  e x te n t  o f  c o n s t r i c t i o n  may be q u a n t i ta t e d .  The e f f e c t  
i s  more marked in  th e  h ig h e r  f re q u e n c y  com ponents, f ig u r e  (55 and 5 6 ) .
I S O
I t  i s  c l e a r  from  th e s e  p r e l im in a ry  in v e s t ig a t io n s  t h a t  th e  
p u l s a t i l e  com ponents o f  th e  c i r c u l a t i o n  a r e  a l t e r e d  more by c o n s t r i c t i o n s  
th a n  a r e  th e  mean o r  s te a d y  v a lu e s .  These s tu d ie s  su p p o r t o u r h y p o th e s is  
t h a t  in p u t  im pedance m igh t be a  v a lu a b le  in d i c a to r  o f  th e  e x te n t  o f  
c i r c u l a t o r y  im pairm en t in  o c c lu s iv e  v a s c u la r  d i s e a s e .  The r a t i o  o f  
th e  a m p litu d e  o f  dow nstream  p r e s s u r e  to  t h a t  upstream  seems th e  m ost 
s e n s i t i v e  in d i c a to r  o f  a  c o n s t r i c t i o n ,  in  th e  c a se  o f  a  s in g le  s i t e  o f  
d i s e a s e .
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Chapter 4.
MEASUREMENTS OF IMPEDANCE IN A HYDRAULIC MODEL
1 5 2
I t  was d ec id ed  to  s tu d y  th e  e f f e c t s  o f  a s te n o s i s  in  a 
h y d ra u l ic  model c o n c u r re n t ly  w ith  th e  c l i n i c a l  in v e s t i g a t io n s .  ■ The 
ad v an tag e  o f  a la b o ra to r y  model i s  t h a t  th e  v a r i a b le s  which govern  th e  
b eh av io u r o f  f l u i d s  w ith in  such  a system  may be h e ld  c o n s ta n t  f o r  lo n g  
p e r io d s  o f  tim e , o r  may be changed in d e p e n d e n tly  o f  each o th e r .  Such 
c o n t ro l  i s  n o t  p o s s ib le  i f  m easurem ents a re  made in  b io lo g ic a l  sy stem s. 
P re s s u re ,  f lo w , r a d iu s ,  e l a s t i c i t y  and v i s c o s i t y  a re  r e le v a n t  p a ra m e te rs  
and sho u ld  be in  th e  p h y s io lo g ic a l  ran g e  i f  p o s s ib le .
The p h y s io lo g ic a l  p r e s s u r e  and flo w  waveforms o b serv ed  in  man a r e  o f  
ja complex shape b u t th e y  a re  a p p ro x im a te ly  p e r io d i c ,  a t  th e  f re q u e n c y  
o f  th e  h e a r t  r a t e ,  and may be decomposed in to  t h e i r  F o u r ie r  com ponents 
o r  s e p a ra te  s in u s o id a l  waves a s  d e s c r ib e d  in  c h a p te r  6. In  a  m ech an ica l 
model i t  i s  p o s s ib le  to  g e n e ra te  and m easure s in g le  s in u s o id a l  waves 
r e s u l t i n g  in  a  s im p l i f i c a t io n  o f  d a ta  h a n d lin g . In  th e  absen ce  o f  s ig n i ­
f i c a n t  n o n - l in e a r  e f f e c t s  which would d i s t o r t  th e  waveform t h i s  method 
i s  v a l i d .
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The model was d e s ig n e d  to  p roduce  a  s te a d y  f lo w  th rough  a 
h o r iz o n ta l  ru b b e r  tu b e  upon which was imposed a  s in u s o id a l  p r e s s u r e  
wave u s in g  a r e c ip r o c a t in g  p is to n *  The arran g em en t i s  an a d a p ta t io n  o f  
th e  model o f  G erra rd  ( 1971)« F ig u re  ( 57) shows th e  s te a d y  f lo w  i n l e t  
from a  c o n s ta n t  head  ta n k  and i t s  com bination  w ith  th e  p i s to n  a rran g em en t.
The p r e s s u r e  wave was p roduced  by th e  h o r iz o n ta l  movement o f  a 
p i s to n  d r iv e n  by an e l e c t r i c  m otor th rough  a  sc o tc h  yoke assem bly  shown 
in  f ig u r e  (58)* The p i s to n  a c t iv a t e d  a m ic ro sw itch  a t  th e  end o f  each 
s tro k e  p ro v id in g  a  tim e r e f e r e n c e  p o in t  in  th e  cycle*  The le n g th  o f  th e  
s tro k e  cou ld  be v a r ie d  betw een 0 and 12 cm by a d ju s t in g  th e  p o s i t i o n  o f  a 
s p in d le  on th e  f ly w h ee l and th e  freq u en cy  was v a r ie d  betw een 1 and 10 Hz 
by a d ju s t in g  th e  v o l ta g e  s u p p lie d  to  th e  m otor*
A c o n s ta n t  head ta n k  was jo in e d  to  th e  p i s to n  c y l in d e r  and tu b in g  
by a  n o z z le  c o n ta in in g  a  s p e c ia l  i n l e t  o r i f i c e  seen  in  f ig u r e  (59)*  T h is  
c o n s is te d  o f  a p lu g  6 .3 5  an lo n g  p ie rc e d  by fo u r  h o le s  each  0 .3 8  mm in  
d ia m e te r  p la c e d  in  th e  su p p ly  p ip e .  The tu b in g  was re d  ru b b e r  ( ty p e  S42, 
G r i f f in  and G eorge), o f  t o t a l  le n g th  43 m and i t  may be c o n s id e re d  in  
th re e  le n g th s  - ' ' ' i n l e t  le n g th ,  e x p e r im e n ta l le n g th  and o u t l e t  le n g th  o r  
" r u n - o f f " •
The i n l e t  le n g th  a l lo w s  th e  f lo w  p r o f i l e  to  become e s t a b l i s h e d ,  i t s  
le n g th  was 2 m etres*
The e x p e rim e n ta l le n g th  was 1 m and i t s  a rran g em en t was governed  by 
th e  in v e s t ig a t io n  in  p ro c e s s .  O cc lu s iv e  a r t e r i a l  d is e a s e  was s im u la te d  
by in t ro d u c in g  a  s te n o s i s  in  t h i s  le n g th  a s  d e s c r ib e d  l a t e r .
R e f le c t io n s  o f  a p r e s s u r e  wave o ccu r in  a tu b e  w ith  e i t h e r  an open 
o r  c lo se d  end t in  e l a s t i c  tu b e s  b o th  fo rw ard  and r e f l e c t e d  waves a re  
a t te n u a te d .  The o u t l e t  le n g th  o f  40 m e tre s  o f  tu b in g  was in te n d e d  to  
red u ce  th e  r e f l e c t i o n s  re a c h in g  th e  e x p e rim e n ta l s e c t io n  to  n e g l ig ib l e  
p ro p o r t io n s  and a ls o  to  g iv e  a r e s i s t a n c e  e q u iv a le n t  to  t h a t  o f  th e  a r t e r i a l  
bed in  th e  low er le g  o f  a man.
CONSTANT
HEAD
TANK
HO LLE R
PRESSURE & FLOW METERS
PISTONEXPERIMENTAL  
<  1 METRE >
IN LE T  
2 METRES
O U TLE T
40 METRES
F ig  (57) Schem atic  r e p r e s e n ta t io n  o f  th e  h y d r a u l ic  m odel.
F i g .  (58)  The p i s t o n  and s c o tc h  yoke a s se m b ly .
The p i s t o n  chamber i s  c o n n e c te d  to  th e  s u p p ly  
p i p e  by a s p e c i a l  n o z z l e .  The s p i n d l e  s e t t i n g  
shown would p ro d u c e  a sm a l l  p i s t o n  s t r o k e .
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m 
ini
STATIC HEAD
fiO TO R  DRIVEN  
FLYWHEELT E F L O N  SEAL
IN LE T ORIFICE
TEFLON PISTON 
WITH RUBBER ‘O’ RINGS
OUTLET
ADJUSTABLE
MICROSWITCHSTAINLESS STEEL CYLINDER
F ig  (59) Schem atic r e p r e s e n ta t io n  o f  th e  p i s to n  o s c i l l a t o r  
and i t s  co n n e c tio n  to  th e  flo w  system .
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a  model p o se s  c o n s id e ra b le  p ro b lem s. The v i s c o s i t y  o f  b lood  v a r i e s  
n o n - l i n e a r ly  w ith  te m p e ra tu re  and i t  was n o t  c o n s id e re d  p r a c t i c a l  to  
m a in ta in  th e  model a t  body te m p e ra tu re . The r e s e r v o i r  and tu b in g  
r e q u ire d  a p rim in g  volume o f  20 l i t r e s  and th e r e  w ere a d d i t io n a l  p rob lem s 
o f  h aem o ly s is  and s e d im e n ta t io n , hence a  s u b s t i t u t e  was d ev e lo p ed , u s in g  
a s o lu t io n  o f  m e th y l c e l lu lo s e  in  s a l i n e .
P re s s u re  was m o n ito red  th rough  wide b o re  n e e d le s  (B rau n u la , G 15) 
connec ted  d i r e c t l y  to  th e  p r e s s u r e  t r a n s d u c e r s  (S ta tham  P23 G b). B efo re  
assem bly  th e  n e e d le s ,  t r a n s d u c e r s  and a l l  c o n n e c tio n s  were w e tted  f o r  an 
|h o u r in  r e c e n t ly  b o i le d  w a te r to  f a c i l i t a t e  th e  rem oval o f  a i r  b u b b le s  
on f i l l i n g .  The t r a n s d u c e r s  were f i l l e d  s lo w ly  and c a r e f u l ly  to  e l im in a te  
a l l  b u b b le s  u s in g  b o i le d  w a te r . S t a t i c  c a l i b r a t i o n  was p erfo rm ed  u s in g  
a  m ercury  m anom eter. The re sp o n se  o f  th e  m easu rin g  system  to  a 20 mmHg 
p re s s u re  s te p  gave a  damped re s o n a n t fre q u e n c y , f ^  = 80 .7  Hz, and a 
damping c o e f f i c i e n t  p>= 0.129* From th e  ta b le s  o f  Gabe (1972) th e  
am p litu d e  re sp o n se  was w ith in  5% up to  15 Hz and th e  p h ase  la g  was l e s s  
th a n  5 d e g re e s  ( s e e  c h a p te r  2 , f ig u r e  ( 9 ) ,  T ab le  2 ) .  ■ * ■
Flow was m easured by c a n n u la tin g  e le c tro m a g n e tic  f lo w  p ro b e s  (N o rd ic ) 
w ith  an i n t e r n a l  d ia m e te r  o f  6 mm, a t ta c h e d  to  N ycotron  flo w m eters  
(Type 3 7 6 ). P r io r  to  u se  th e  flo w  p ro b e s  were scrubbed  u s in g  d e n ta l  
a b ra s iv e  and a n y lo n  b ru s h . They were c o n d itio n e d  by so ak in g  in  s a l i n e  
f o r  15 m in u te s . A f te r  th e se  p r e p a r a t io n s  b a s e l in e  (z e ro  flow ) v o l ta g e s  
were found to  be s t a b l e  th ro u g h o u t each e3<periment. The s e n s i t i v i t y  o f  
th e  f lo w  p ro b e s  (K f a c t o r )  was d e te rm in ed  by com parison  o f  th e  flow m eter 
re a d in g  w ith  tim ed c o l l e c t io n  o v e r s e v e r a l  m in u te s .  The f lo w  r a t e  used  
was such th a t  th e  volume o f  w a te r c o l le c te d  was a b o u t 1 l i t r e  and th e  m e te r 
gave a lm o st f u l l  s c a le  r e a d in g .  The K f a c t o r  was c a lc u la te d  and th e n  s e t  
on th e  flow m eter and th e  m e te r re a d in g  compared w ith  th e  volume c o l l e c t e d ,  
in  1 m inu te  a t  s e v e r a l  d i f f e r e n t  r a t e s  o f  f lo w . Dynamic c a l i b r a t i o n  
was perfo rm ed  by an e l e c t r o n i c  method a s .d e s c r ib e d  in  c h a p te r  2 . The
f i l t e r ,  n o m in a lly  -  6dB a t  50 Hz. The p h ase  la g  in  t h i s  ra n g e  was
ap p ro x im a te ly  3 ° /H z  (T ab le  (10 ) in  c h a p te r  2 ) .
The te m p e ra tu re  o f  th e  f l u i d  in  th e  model was m o n ito red  by a 
therm om eter p la c e d  in  th e  c o n s ta n t  head ta n k . I t  v a r ie d  from  15°C to  
23°C b u t  n o t  more th an  1 .5°C  on any o c c a s io n . The v i s c o s i t y  o f  th e  
f l u i d  was m easured on a  C o n trav es  LS2 c o n ic y l in d r i c a l  v is c o m e te r ,
( S p in e l l i  and M eier, 1974, W alker e t  a l ,  1976 ). Rheograms drawn f o r  • 
s i l i c o n e  o i l  o f  s t a b l e  v i s c o s i t y  (2 .2 7  cP a t  37°C) were used  to  d e te rm in e  
c a l ib r a t i o n  f a c t o r s  f o r  th e  sy stem .
j The speed o f  th e  m otor and hence th e  fre q u e n c y  o f  o s c i l l a t i o n  o f  th e  
p i s to n  was c o n t ro l le d  by a V a r ia c  in  th e  m otor su p p ly . The d i a l  s e t t i n g
;o f th e  V a ria c  was a d ju s te d  from  10 to  100 in  s te p s  o f  10 to  v a ry  th e
freq u en cy  o f  o s c i l l a t i o n .  The f re q u e n c ie s  m easured from th e  c h a r t  
re c o rd  f o r  p a r t i c u l a r  s e t t i n g s  on th e  d i a l  v a r ie d  w ith  v i s c o s i t y ,  p r e s s u re  
head and th e  p re se n c e  o f  a  s e v e re  c o n s t r i c t io n  in  th e  t e s t  l e n g th .  The 
v a r i a t io n s  were s u f f i c i e n t l y  la rg e  to  le a d  to  th e  u se  o f  th e  V a r ia c  d i a l  
a s  an ap p rox im ate  s e t t i n g  o n ly , a c tu a l  f r e q u e n c ie s  b e in g  ta k en  from  th e  
c h a r t  r e c o r d .
S ig n a ls  from  p re s s u re  a m p l i f i e r s  and flo w m ete rs  were re c o rd e d  in  
analogue  form on a  6 ch an n e l in k  j e t  r e c o r d e r ,  (M ingograf 8 0 0 ), and 
d is p la y e d  on a lo n g  p e r s i s t e n c e  o s c i l lo s c o p e ,  f ig u r e  (6 0 ) .
For s tu d ie s  o f  d i s t o r t i o n  th e  waves were F o u r ie r  a n a ly se d  on a 
la b o ra to ry  com puter u s in g  a  F o r tr a n  p rogram . D ig i t a l  c o n v e rs io n  o f  
waveforms re c o rd e d  was perfo rm ed  u s in g  th e  s ig n a l" a v e ra g in g  system  d e s c r ib e d  
in  C hap ter 2 . T h is  sam pled a t r a i n  o f  p r e s s u re  and f lo w  waveforms 
s im u lta n e o u s ly . The s ig n a l s  were sam pled and d i g i t i s e d  a u to m a t ic a l ly  
and s to re d  in  a  d i g i t a l  memory. The sam pling  r a t e  was a d ju s te d  to  
g iv e  ab o u t 100 sam ples p e r  c y c le .  Sam pling sweeps were t r i g g e r e d  from  th e  
p i s to n  m ic ro sw itc h . The r e s u l t s  o f  s u c c e s s iv e  sw eeps o f  th e  s ig n a l  
were added to  th e  p re v io u s  r e s u l t s ,  th e re b y  a v e ra g in g  th e  s ig n a l s
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F i g .  (60 )  The m e a s u r in g  a p p a r a tu s  u se d  f o r  th e  e x p e r im e n ts  
on th e  m odel.
The o u t p u t  o f  th e  two f lo w m e te r s  (u p p e r  r i g h t )  and 
two p r e s s u r e  m anom eter a m p l i f i e r s  (m id d le  r i g h t )  a r e  
r e c o r d e d  on th e  in k  j e t  c h a r t  r e c o r d e r  ( lo w e r )  and 
d i s p l a y e d  on th e  o s c i l l o s c o p e  ( l e f t ) .
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Zero l e v e l s  were th e n  sam pled in  th e  same manner b u t s u b tr a c te d  from th e  
s to re d  memory. The s ig n a l s  were th u s  c o r re c te d  f o r  zero  l e v e l  and any 
b a s e l in e  d r i f t .  The r e s u l t s  a t  each s ta g e  in  t h i s  p ro c e s s  co u ld  be 
viewed in  e i t h e r  an a lo g u e  o r  d i g i t a l  form  on th e  a t ta c h e d  d i s p la y .  The 
c o n te n ts  o f  th e  memory were th e n  p r in te d  o u t and punched on p a p e r  ta p e  
v ia  a  te le ty p e
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Method
M easurem ents o f  d ia m e te r  and w a ll th ic k n e s s  were made on two 
r e c ta n g u la r  d ia m e te rs  on 3 sam ples o f  tu b e  u s in g  a  t r a v e l l i n g  m ic ro sco p e . 
The th ic k n e s s  was m easured a t  b o th  ends o f  each  d ia m e te r .
The wave speed in  th e  tu b e  was m easured betw een two p r e s s u r e  p ro b e s  
w ith  n e e d le s  a t  v a r io u s  d is ta n c e s  a p a r t .  The tim e tak en  f o r  a  s te p  
in p u t o f  p r e s s u re  to  t r a v e l  betw een them was m easured from  th e  c h a r t  
r e c o r d e r .  Time was m easured to  th e  f o o t  o f  th e  wave. E l a s t i c  m odulus,
E, was c a lc u la te d  from th e  e q u a t io n ,
.z £  In '
c  =
where c i s  th e  wave sp eed , R i s  th e  tube  r a d iu s ,  h i s  th e  w a ll th ic k n e s s  
and p  th e  d e n s i ty .  T h is  e q u a tio n  i s  known a s  th e  M oens-Kbrteweg e q u a tio n  
(se e  McDonald, 1974, page 25 3 -2 5 5 ). The am p litu d e  o f  th e  r e f l e c t e d  
s te p  e x p re sse d  a s  a p e rc e n ta g e  o f  th e  am p litu d e  o f  th e  in p u t  s te p  was 
m easured on th e  c h a r t  re c o rd  f o r  d i f f e r e n t  le n g th s  o f  tu b e .
The app rox im ate  wave speed was m easured f o r  d i f f e r e n t  f r e q u e n c ie s  
from th e  tim e tak en  f o r  s in u s o id a l  waves to  t r a v e l  betw een two p r e s s u r e  
m easuring  s ites""40  cm a p a r t .
The perfo rm ance o f  th e  o s c i l l a t i n g  system  was in v e s t ig a te d  from  
th re e  a s p e c t s ,  th e  e f f e c t  o f  o s c i l l a t i o n  on th e  s te a d y  l e v e l s ,  th e  
r e s i s t a n c e  o f  th e  com ponents and w hether any d i s t o r t i o n  o f  th e  s in u s o id a l  
wave was p ro d u ced .
The v a r i a t i o n  in  mean f lo w  was n o te d  o v e r th e  ra n g e  o f  f r e q u e n c ie s  
0 to  10 Hz, f o r  d i f f e r e n t  p r e s s u r e  h eads and w ith  c o n s t r i c t i o n s  in  th e  
t e s t  a r e a .
The r e s i s t a n c e  o f  each component o f  th e  system  was in v e s t ig a t e d  by 
m easuring  p r e s s u re  a t  bo th  th e  su p p ly  s id e  and o u t l e t  o f  th e  p i s to n  
assem bly  and m easuring  th e  mean flo w  by c o l l e c t i o n .  By .a d ju s t in g  th e  
p r e s s u re  head i t  was p o s s ib le  to  d e r iv e  th e  in c re m e n ta l r e s i s t a n c e  o f
each component from  th e  s lo p e  o f  th e  cu rve o f  f lo w  v a r i a t i o n  w ith  p r e s s u r e .
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c o n s ta n t  f o r  a l l  p r e s s u re  h e a d s . A flo w  p ro b e  was p la c e d  in  t h i s  
l i n e  and th e  o s c i l l a t i o n s  p roduced  on th e  su p p ly  s id e  o f  th e  o r i f i c e  
were m easured and compared w ith  th o se  p roduced  in  th e  t e s t  s e c t i o n .
The s in u s o id a l  n a tu r e  o f  th e  waves p roduced  and th e  e f f e c t  on them 
o f  changes w ith in  th e  e x p e rim e n ta l le n g th  were in v e s t ig a t e d .  F o u r ie r  
a n a ly s i s  was perfo rm ed  on p r e s s u re  and f lo w  waves re c o rd e d  a t  th e  in p u t  
to  th e  e x p e rim e n ta l le n g th  and dow nstream  o f  a c o n s t r i c t i o n .  The r a t i o  
o f  th e  am p litu d e  o f  th e  2nd harm onic component to  th e  am p litu d e  o f
I
th e  fun d am en ta l wave was tak en  a s  a  m easure o f  th e  d i s t o r t i o n  o f  th e  
waveform.
R e s u lts
The v a r i a t io n  o f  v i s c o s i t y  w ith  c o n c e n tra t io n  o f  m ethy l c e l lu lo s e
i s  shown in  f ig u r e  ( 6 l ) .  A c o n c e n tra t io n  o f  8 grams o f  m ethy l c e l lu lo s e
p e r  l i t r e  o f  s a l i n e  g iv e s  a  v i s c o s i t y  a t  room te m p e ra tu re  s im i la r  to  t h a t
o f  b lood  a t  body te m p e ra tu re . The sh e a r  s t r e s s / s h e a r  r a t e  c h a r a c t e r i s t i c s
o f  t h i s  f l u i d  and o f  b lood  m easured by th e  same te c h n iq u e  a re  shown in
f ig u r e  (6 2 ) .  The s lo p e  o f  th e  cu rve  g iv e s  th e  v i s c o s i t y  in  p o is e s .
The f l u i d  e x h ib i te d  N ew tonian v i s c o s i t y  and i t s  v a r i a t i o n  w ith
te m p e ra tu re  was ab o u t 5%/°C.
"The m easurem ents o f  tu b e  d im ensions a re  shown i n  T able (1 2 ) .  The
•'mean " in te r n a l  d ia m e te r  o f  th e  tu b e , d , 'w as 0.601 + 0.D13 cm and th e  mean
- ’w a ll  th ic k n e s s ,  h , 0 .148  0 .009  cm. M easurem ents o f  w eig h t and volum e
3made on a  sam ple o f  tu b in g  gave a  d e n s i ty  o f  1 .05  gm/cm s im i la r  to
t h a t  o f  a r t e r y  a s  quoted  by McDonald, (1974) and a  s t a t i c  lo a d  t e s t
fl.2 .6  X lO6 2
g av e  an  e l a s t i c  modulus o f  dynes/cm  , (T a y lo r , 1975)« The r e s u l t s
o f  wave speed  d e r iv e d  from  th e  s te p  ex p erim en ts  a r e  shown i n  T ab le  (1 3 ) .  
Comparison w ith  th e  wave speed  o f  s in u s o id a l  waves i s  shown in  f ig u r e  ( 6 3 ) .  
The a c c u ra c y  o f  th e  s in u s o id a l  wave f ig u r e s  was po o r due to  th e  sm a ll 
tim e i n t e r v a l  (ap p ro x . 20 m s). At h ig h  f r e q u e n c ie s  th e  r e s u l t s  compare 
w e l l .  The v a r i a t i o n  o f  th e  r e f l e c t e d  a m p litu d e  w ith  d is ta n c e  t r a v e l l e d
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Fig  (61)  The v a r i a t i o n  o f  v i s c o s i t y  o f  m e t h y l c e l l u l o s e  
s o l u t i o n  w ith  c o n c e n t r a t i o n .
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F ig  (62) Shear s t r e s s  -  sh ea r r a t e  c h a r a c t e r i s t i c s  o f  
b lood  and m e th y lc e l lu lo s e  s o lu t io n .
Blood m easured a t  body te m p e ra tu re , m e th y lc e l lu lo s e  
‘ s o lu t io n  a t  8 g r a m s / l i t r e  m easured a t  room
te m p e ra tu re . The r e l a t i o n s h ip  fo r  w ater a t  room 
te m p e ra tu re  i s  shown fo r  com parison .
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SAMPLE DIAMETER THICKNESS
(cm) (on)
0 .595  0 .157
A 0 .1 4 2
0.611 0 .155
0 .137
0 .588  0 .162
B - 0 .137
0 .6 0 5  0 .143
0 .1 5 7
0 .6 1 9  0 .138
C 0.150
0 .588  0 .147
0 .157
Mean 0.601 0 .148
1S.D. 0 .013  0 .009
T able (12)
D im ensions o f  e x p e r im e n ta l tu b e  m easured by t r a v e l l i n g  
m icroscope*
DISTANCE TIME VELOCITY
(m) (ms) (m/ s )
3 133 22 .56
5 230 21 .7 4
10 420 23.81
12.3  540 22 .78
2 4 .6  1060 23.21
4 3 .2  2140 20 .19
6 3 .2  3370 18.75
85 4590 18 .52
mean 21 .45
1 S.D . 1.91
T ab le  (13)
Speed o f  p r e s s u re  s te p  m easured in  th e  tu b e .
Each tim e v a lu e  i s  th e  av e rag e  o f  2 o r  more r e a d in g s .
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F ig  (63) Wave speed m easured in  th e  e x p e r im e n ta l tu b e .
The s o l id  l i n e  r e p r e s e n ts  th e  mean o f  th e  p r e s s u r e  
s te p  r e s u l t s  shown in  Table (1 3 ) ,  The d o t te d  
l i n e s  r e p r e s e n t  + 1 S.D. The p o in t s  a re  th e  
v a lu e s  f o r  s in u s o id a l  waves o f  d i f f e r e n t  
f r e q u e n c ie s .
a fter  60 metres.
T y p ic a l r e s u l t s  o f  th e  mean f lo w  m easurem ents a re  shown in
f ig u r e  (65)* The mean f lo w  i s  seen  to  f a l l  s l i g h t l y  a s  th e  fre q u e n c y
in c re a s e s  and t h i s  e f f e c t  i s  more marked a t  th e  low er p r e s s u r e  h ead ,
and in  th e  p re se n c e  o f  an o b s t r u c t io n .  The v a r i a t i o n  o f  mean f lo w
w ith  freq u en cy  f o r  th e  tu b e  a lo n e  was r e p re s e n te d  by a s ta n d a rd  e r r o r
..of . 0 8  on a mean flo w  o f  4 .2  cm / s e c  and .023 on a mean flo w  o f  
37 .0  cm / s e c .  For th e  m ost s e v e re  c o n s t r i c t i o n  ( d ia m e te r  r a t i o  0 .1 7 )
3 3th e  s ta n d a rd  e r r o r s  were .09  a t  3 .7  cm / s e c  and .06  a t  6 .3  cm / s e c .
The o v e r a l l  f a l l  in  mean f lo w  ex p ressed  a s  a % o f  th e  s te a d y  f lo w  was
15% and 3.5% f o r  th e  tu b e  a lo n e  and 10% and 7% f o r  th e  m ost se v e re
c o n s t r i c t io n s  a t  th e  low  and h ig h  p r e s s u re  h eads r e s p e c t iv e l y .  T here
a re  m arked o s c i l l a t i o n s  in  th e  cu rv es  which a re  r e g u la r .
“ T h e - r e s is ta n c e  o f  th e  “com ponents i s  shown in -T a b le  (1 4 ) .  The r a t i o
o f  th e  am p litu d e  o f  th e  f lo w  wave in  th e  t e s t  s e c t io n  to  t h a t  in  th e
-supply l i n e  f o r  th e  ran g e  o f  f r e q u e n c ie s  in v e s t ig a t e d ,  was a p p ro x im a te ly
20 and th e  p r e s s u r e  am p litu d e  r a t i o  was 10.
F or th e  u n c b n s tr ic te d  tu b e , u s in g  a low  v i s c o s i t y  f l u i d  ( l .O  cP) 
a  d i s t o r t i o n  o f  5% was found in  th e  in p u t  p r e s s u r e  wave and 2.2% in  th e  
in p u t  f lo w  wave a t  7*1 Hz. With a s e v e re  c o n s t r i c t i o n  (3 cm lo n g , 
d ia m e te r  r a t i o  0.17*) a 6.4% d i s t o r t i o n  was found in  in p u t  p r e s s u r e  and 6.6% 
in  in p u t  f lo w  a t  9 .9  Hz. These m easurem ents were a t  th e  l i m i t s  o f  
m easurem ent a c c u ra c y . Under a l l  o th e r  m easured c o n d i t io n s  th e  d e r iv e d  
-^amplitude o f  th e  2nd harm onic was w ith in  th e  a c c u ra c y  o f  th e  m easu rin g  
sy stem s (1% f u l l  s c a le  d e f le c t io n )  o r  th e  p r e c i s io n  o f  th e  sam pling  te c h n iq u e .
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F ig  (64) V a r ia t io n  o f  am p litu d e  o f  r e f l e c t e d  s te p  w ith  
d i s ta n c e  t r a v e l l e d  a s  a f r a c t i o n  (p e r  c e n t)  
o f  th e  in p u t  s te p .
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F ig .  (65) The v a r i a t i o n  in  mean flo w  r a t e  in  th e  model a t  
two c o n s ta n t  in p u t p r e s s u r e s ,  
w = d ia m e te r  r a t i o  o f  c o n s t r i c t i o n  and tu b e
1 7 1
=  1.0 
=  0.5 
=  0.17
= 1.0 
=  0.5 
=  0.17
RESISTANCE 
(mmHg. ml*" min)
PRESSURE
(mmHg) r i E2 . R1+R2 R3
TOTAL
88 0 .2 9 0 .2 7 0 .5 6 0 .5 2 1 .08
216 ■ 0 .0 9 0 .5 0 0 .5 9 0 .6 9 1 .28
347 0 .1 2 0 .5 5 0 .6 7 0 .8 2 1 .49
476 0 .0 5 0 .6 6 0.71 0 .8 5 1 .56
a .pA q 0 .3 4 0 .4 5 0 .7 9 0 .96 1 .7 5
T ab le  (14)
R e s is ta n c e  o f  model com ponents.
R  ^ = su p p ly  l i n e  
R^ = o r i f i c e  and p i s to n  assem bly  
Rg = 43 m o f  tu b in g
/s.p /a S ) = in c re m e n ta l r e s i s t a n c e
1 7 2
M ethods
For th e se  ex p e rim en ts  a  c o n s ta n t  head o f  p r e s s u re  was p ro v id e d  by a 
com pressed a i r  ta n k  c o n t ro l le d  by a r e d u c t io n  v a lv e  and was v a r i a b le  
betw een 0 and 1000 mmHg, Mean p r e s s u r e s  in  th e  t e s t  s e c t io n  were in
th e  ran g e  30-250 mmHg. •
A r t e r io s c l e r o s i s  in  th e  s u p e r f i c i a l  fem o ra l a r t e r y  was s im u la te d  
by p la c in g  a s te n o s i s  in  th e  c e n tre  o f  th e  e x p e rim e n ta l l e n g th .  T h is  
was c o n ta in e d  in  a  n y lo n  c y l in d e r  4 an lo n g  w ith  th e  same i n t e r n a l  
d ia m e te r  a s  th e  ru b b e r  tu b in g . The s te n o s e s  were le n g th s  o f  n y lo n  ro d  
6 mm d ia m e te r  d r i l l e d  to  g iv e  c y l in d e r s  o f  d i f f e r e n t  i n t e r n a l  d ia m e te r s .  
They were r i g i d ,  smooth and had p la n e  f a c e s .  They were se c u re d  in  th e  
c e n t r e  o f  th e  h o ld e r  by a  sm a ll screw .
Flow was m easured 20 cm upstream  and 20 cm dow nstream  o f  th e  
s te n o s is -b y  means o f  c a n n u la tin g  flow  p ro b e s . P re s su re  n e e d le s  were 
i n s e r t e d  th rough  th e  w a ll o f  t h e - t u b e -2 .5  an downstream  o f  each f lo w  
p ro b e , f ig u r e  (6 6 ) .
O u tpu ts  o f  th e  flo w m eters  and m anom eters were d is p la y e d  on an 
o s c i l lo s c o p e  s c re e n  and re c o rd e d  on th e  c h a r t  r e c o rd e r  a s  b e fo re ,  
f ig u r e  (6 0 ) .
T hree f l u i d s  o f  known v i s c o s i t i e s  (a p p ro x im a te ly  1, 3 .5  and 6 cP) 
w ere used  (som etim es r e f e r r e d  to  a s  f l u i d s  1 , 2 , 3 ) .  Sam ples o f  th e  
f l u i d  were ta k en  a t  i n t e r v a l s  d u r in g  each ex p erim en t and th e  te m p e ra tu re  
m easured . V is c o s i ty  m easurem ents were made on each sam ple a t  th e
te m p e ra tu re  re c o rd e d . V a r ia t io n s  in  v i s c o s i t y  were l e s s  th a n  2% on any
o c c a s io n .
( a ) S teady  Flow
The p r e s s u r e  was a d ju s te d  in  s te p s  to  g iv e  v a r io u s  mean p r e s s u r e s  
a t  th e  upstream  m easu ring  s i t e  (P^)* When flo w  had s t a b i l i s e d ,  u p s tream  
and dow nstream  p re s s u re  and f lo w  were re a d  from  th e  m e te rs  and mean f lo w  
m easured by c o l l e c t io n  f o r  one m in u te . T h is  was r e p e a te d  f o r  p r e s s u r e s  
-T-anqing from  l e s s  th a n  40 to  250 mmHg and f o r  a ran g e  o f  s te n o s e s .
1 7  3
F i g .  (66)  The e x p e r im e n ta l  l e n g t h  o f  th e  r u b b e r  tu b e  showing
th e  p o s i t i o n  o f  c a n n u la t i n g  f lo w  p r o b e s  and p r e s s u r e  
t r a n s d u c e r s .  Flow i s  from r i g h t  to  l e f t .
The s t e n o s i s  h o l d e r  i s  i n  th e  c e n t r e .
1 7 4
P lo ts  o£ u p stream  p r e s s u r e  a g a in s t  flo w  were made f o r  each  ru n .
(b) O s c i l l a to r y  Flow
F or a f ix e d  p r e s s u re  (P-j) th e  freq u en cy  o f  th e  o s c i l l a t i o n  was 
v a r ie d  from 0 to  10 Hz. At each fre q u e n c y  r e c o rd in g s  were made o f  
p r e s s u re  and f lo w  waves and th e  mean v a lu e s  o f  b o th  upstream  and down­
stream  p r e s s u r e  and f lo w . Mean flo w  was a ls o  m easured by c o l l e c t i o n .
The fre q u e n c y  o f  o s c i l l a t i o n  was c a lc u la te d  from th e  c h a r t  r e c o rd in g .
The a m p litu d e  o f  each  o f  th e  p r e s s u re  and f lo w  waves was m easured on th e  
c h a r t  and th e  fo llo w in g  r a t i o s  c a lc u la te d :
i )  upstream  p r e s s u r e  a m p litu d e  to  upstream  flo w  am p litu d e
(P '|/Q 1) = im pedance m odulus
i i )  dow nstream  flo w  am p litu d e  to  u p stream  flo w  a m p litu d e
( W
i i i )  dow nstream  p r e s s u r e  am p litu d e  to  u p stream  p re s s u re  am p litu d e
( W  ■
iv )  t o t a l  dow nstream  energy  p e r  u n i t  w eig h t to  t o t a l  u p stream  
energy  p e r  u n i t  w eigh t 
The p ro ced u re  was r e p e a te d  a t  th r e e  mean p r e s s u r e s  and f o r  each  o f
th e  s te n o s e s  th r e e  d i f f e r e n t  f l u i d s  were u se d .
R e s u lts
S ince  th e  s lo p e  o f  th e  p r e s s u r e / f lo w  cu rve  i s  th e  h y d r a u l ic  
r e s i s t a n c e  th e  s te a d y  f lo w  s tu d ie s  gave v a lu e s  f o r  th e  im pedance a t  ze ro  
fre q u e n c y . Below 50 mmHg p re s s u re  th e  s lo p e s  in c re a s e d  w ith  f lo w  r a t e .  
Above 50 mmHg th e y  showed l i n e a r  r e l a t i o n s h ip s  f g r  a l l  c o n s t r i c t i o n s  
and f l u i d s .  For com parison th e  s lo p e s  were m easured a t  100 mmHg. To
show th e  v a r i a t i o n s  due to  th e  c o n s t r i c t io n s  a lo n e ,  th e  open tu b e
r e s i s t a n c e  was s u b tr a c te d  from th e  t o t a l  r e s i s t a n c e ,  T ab le  (1 5 ) .  i
The e f f e c t  o f  th e  d ia m e te r  o f  th e  c o n s t r i c t i o n  on t o t a l  r e s i s t a n c e  
was n o t  l i n e a r ,  f ig u r e  (6 7 )•  The d i f f e r e n c e s  in  r e s i s t a n c e  betw een 
s te n o s e s  o f  d i f f e r e n t  d ia m e te rs  were h ig h ly  s i g n i f i c a n t ,  b o th  betw een
VISCOSITY 
L W Rs
0 .9 6 cP  
(Rs -  R t) Rs
3 .46cP  
(Rs -  R t) Rs
5 .67cP  
(Rs -  R t)
tu b e o n ly .25 0 .53  . 0
'sj-
00• 0
1 0 .5 0 .28 .03 .56 .03
00• 0
1 0 .33 .36 .11 .6 2 .09 .84 0
1 0 .1 7 .67 .42 1.01 .48 1 .3 6 .5 2
2 0 .5 0 .3 4 .0 9  * .57 .0 4 .78 -
2 0 .3 3 .39 .1 4 .6 2 .09
C
O
00. .0 4
2 0 .1 7 .79 .5 4 1 .38 .85 1 .5 0 • • 66
3 0 .5 0 .30 .05 .57 .0 4 . 8 4 0
3 0 .33
C
O. .18 .66 .13 .9 2 .08
3 0 .1 7 .8 4 .59 1 .1 2 .59 1 .48 .6 4
T ab le  ( 15)
R e s is ta n c e  o r  s lo p e  o£ p r e s s u r e / f lo w  curve a t  100 mmHg in  mmHg.ml « min 
f o r  each c o n s t r i c t i o n  and a t  d i f f e r e n t  v i s c o s i t i e s .  A lso shown i s  th e  
r e s i s t a n c e  o f  th e  c o n s t r i c t i o n  a lo n e  (Rs -  R t ) .
L = Length o f  c o n s t r i c t io n  (cm)
W = d ia m e te r  r a t i o  o f  c o n s t r i c t i o n  and tu b e  
Rs = r e s i s t a n c e  m easured w ith  c o n s t r i c t io n  
R t = r e s i s t a n c e  o f  th e  u n c o n s tr ic te d  tu b e
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STENOSIS
F ig  ( 67) The t o t a l  r e s i s t a n c e  fo r  v a ry in g  d e g re e s  o f
c o n s t r i c t i o n  and f l u i d s  o f  d i f f e r e n t  v i s c o s i t i e s .
T -  tu b e
L -  le n g th  o f  s t e n o s i s ,  an 
The r a d i a l  e x te n t  o f  s te n o s i s  i s  d e s c r ib e d  b o th  
by th e  r a t i o  o f  th e  d ia m e te r  o f  th e  s te n o se d  
lumen to  th e  norm al d ia m e te r  (w) and by th e  a r e a  
o f  th e  s te n o se d  lumen a s  a % o f  th e  norm al a r e a .
X v i s c o s i t y  = 0 .9 6  cP
O v i s c o s i t y  = 3 .4 6  cP
Q v i s c o s i t y  = 5 .67  cP
' r e s i s t a n c e  changed when th e  le n g th  was in c re a s e d  from  1 to  2 cm, th e  
change was s i g n i f i c a n t  a t  th e  5% l e v e l ,  b u t  th e  change in  r e s i s t a n c e  
was n o t  s i g n i f i c a n t  when th e  le n g th  was in c re a s e d  from  2 cm to  3 cm.
The d i f f e r e n c e  in  r e s i s t a n c e  betw een 1 cm and 3 cm s te n o s e s  was h ig h ly  
" s i g n i f i c a n t ,  ( p. <  0 .0 1 , S tu d e n t 's  T t e s t ,  p a i r e d  sa m p le s ) . R e s is ta n c e  
was s i g n i f i c a n t l y  g r e a te r  when more v is c o u s  f l u i d s  were u se d .
D if f e re n c e s  in  d ia m e te r  p roduced  h ig h ly  s i g n i f i c a n t  changes in  th e  
r e s i s t a n c e  o f  an i s o la te d  s t e n o s i s ,  f ig u r e  (6 8 ) .  Changing th e  le n g th  
from 1 cm to  2 cm produced  a  s i g n i f i c a n t  change a t  th e  5% le v e l  b u t  th e  
change from 2 cm to  3 cm d id  n o t  change r e s i s t a n c e .  The d i f f e r e n c e  
betw een th e  1 cm and 3 cm le n g th s  was h ig h ly  s i g n i f i c a n t  (p < ^ 0 .0 1 ) .
The e f f e c t  o f  v i s c o s i t y  on th e  r e s i s t a n c e  o f  an i s o l a t e d  s te n o s i s  
appea red  to  d i f f e r  from i t s  e f f e c t  on th e  t o t a l  r e s i s t a n c e .  For th e  
t i g h t e s t  s te n o s i s  (w = 0 .1 7 ) th e  h ig h e r  th e  v i s c o s i t y  th e  g r e a t e r  th e  
r e s i s t a n c e  a s  b e fo re .  HowTe v e r ,  f o r  th e  l e s s  s e v e re  c o n s t r i c t i o n s  
{w = 0 .3 3  and w = 0 .5 0 )  th e  low er th e  v i s c o s i t y  th e  g r e a te r  was th e  
r e s i s t a n c e  o f  th e  s t e n o s i s .
The r a t i o ^ o f  th e  am p litu d e  o f  p r e s s u re  to  th e  am p litu d e  o f  f lo w  f o r
s in u s o id a l  waves i s  th e  modulus o f  im pedance. The im pedance o f  th e  u n -
-1r e s t r i c t e d  tu b e  was ab o u t 0 .1  mmHg.ml .m m  r i s i n g  s l i g h t l y  w ith  fre q u e n c y  
—R epea ted  d e te rm in a tio n s  gave cu rv es  which were in d i s t in g u i s h a b le  from  each  
■ ether (A ppendix 6 , T ab le  2 3 ) . Impedance in c re a s e d  o n ly  s l i g h t l y  w ith  
in c re a s e  in  v i s c o s i t y .  T hroughout th e  s tu d y  changes in  mean p r e s s u r e  a t  
th e  in p u t  p roduced  no change in  im pedance.
As th e  c o n s t r i c t i o n  was in c re a s e d  (w->0) im pedance in c re a s e d  a t  low  
f r e q u e n c ie s  b u t th e  in c re a s e  became n e g l ig ib l e  a t  10 Hz, f ig u r e  (69)* 
In c re a s in g  th e  le n g th  o f  a  p a r t i c u l a r  s te n o s i s  from  1 cm to  2 cm r a i s e d  
th e  im pedance by an amount which v a r ie d  w ith  fre q u e n c y , t h i s  change v a r ie d  
from  s te n o s i s  to  s t e n o s i s .  F u r th e r  in c re a s e  in  le n g th  to  3 cm 
produced  a  s m a lle r  r i s e ,  e x c e p t in  th e  m ost s e v e re  c o n s t r i c t i o n  (w = 0 .1 7 )
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STENOSIS
F ig  (68) The r e s i s t a n c e  o f  th e  s te n o s i s  f o r  v a ry in g  d e g re e s  o f  
c o n s t r i c t io n  and f l u i d s  o f  d i f f e r e n t  v i s c o s i t i e s  
symbols a s  in  th e  p re v io u s  f i g u r e .
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Fig* (69) The m odulus o f  im pedance m easured a t  th e  u p s tream  
s i t e  in  th e  model f o r  s te n o s e s  1 cm long  and o f  
v a r io u s  d ia m e te r s ,  w i s  th e  r a t i o  o f  s te n o s i s  
d ia m e te r  to  th e  tu b e  d iam ete r*
A, u n r e s t r i c t e d  tu b e , w = 1 .0
B, 3 mm d ia .  s t e n o s i s ,  v  = 0 .5
C, 2 mm d ia .  s t e n o s i s ,  w = 0 .3 3
D, 1 .5  mm d i a .  s t e n o s i s ,  w = 0 .2 5
E, 1 mm d i a .  s t e n o s i s ,  w = 0 .1 7  5
v i s c o s i t y  o f  f l u i d  0 .9 6  cP
There was no d i f f e r e n c e . i n  th e  im pedance o f  a  1 cm s te n o s i s  
betw een f l u i d s  1 and 2, b u t  th e re  was a d i f f e r e n c e  betw een f l u i d  2 and 3 
fo r  a l l  s te n o s e s ,  th e  m ost v is c o u s  f l u i d  was a s s o c ia te d - w ith  a h ig h e r  
im pedance, f ig u r e  (71)* As th e  s te n o s i s  became more s e v e re ,  i e .  t i g h t e r  
o r  lo n g e r ,  th e  e f f e c t  o f  in c r e a s in g  v i s c o s i t y  became l e s s  m arked, T ab le  (16) 
VThen th e  im pedance cu rv es  were n o rm a lise d  to  t h a t  o f  th e  u n r e s t r i c t e d  tu b e  
a t  th e  same v i s c o s i t y ,  th e r e  was no s i g n i f i c a n t  d i f f e r e n c e  betw een f l u i d s  o f  
d i f f e r e n t  v i s c o s i t i e s .
The changes in  s e v e ra l  in d ic e s  e x p re sse d  a s  a  p e rc e n ta g e  o f  t h e i r  
v a lu e  in  th e  u n r e s t r i c t e d  tu b e , were p lo t t e d  a g a in s t  w, th e  r a t i o  o f  th e  
i n t e r n a l  d ia m e te r  o f  th e  s te n o s i s  to  th e  i n t e r n a l  d ia m e te r  o f  th e  tu b e .
In  p a t i e n t s  th e  c o n t ro l le d  v a r ia b le  i s  p ro x im al mean p r e s s u r e ,  so changes 
in  mean flo w  were c h a ra c te r is e d ,  by e x p re s s in g  f lo w  th ro u g h  a  s te n o s i s  as  
a  p e rc e n ta g e  o f  f lo w  th rough  th e  open tu b e , a t  th e  same u p stream  p r e s s u r e .
For a  c o n s ta n t  p r e s s u re  in  a f l u i d  o f  v i s c o s i t y ,  3 .4 6  cP ,
(ap p ro x im a te ly  t h a t  o f  b lo o d ) a  75% c o n s t r i c t i o n  (w = 0 .5 )  1 cm lo n g  
produced  3% re d u c t io n  in  mean f lo w  and a 90% c o n s t r i c t i o n  (w = 0 .3 3 )  o f  th e  
same le n g th  13%-re d u c t io n . In c re a s in g  th e  r a t e  o f  f lo w  by up to  50% 
d id  n o t  change th e s e  v a lu e s .  In c re a s in g  th e  le n g th  o f  th e  l e s s  s e v e re  
s te n o s e s  caused  f u r th e r  r e d u c t io n  in  f lo w  b u t th e r e  was no f u r t h e r  
r e d u c t io n  in  f lo w  f o r  s e v e re  s te n o s e s  ( f ig u r e  7 2 ) .  The changes w ere 
s m a lle r  when a more v is c o u s  f l u i d  was used  a t  th e  same head  o f  p r e s s u r e .
Changes in  mean p re s s u re  were d e s c r ib e d  by e x p re s s in g  th e  d i s t a l  . 
p r e s s u r e  a s  a  p e rc e n ta g e  o f  th e  f ix e d  p ro x im al p r e s s u r e .  T here was l i t t l e  
change from  norm al f o r  s te n o s e s  w ith  an a re a  r a t i o  o f  w = 0 .5 0 .  Changes 
due to  v a r i a t i o n  in  th e  head  o f  p re s s u re  and th e  le n g th  o f  a  s t e n o s i s  were 
n o t  c o n s i s t e n t .  The more v is c o u s  f l u i d s  had a s m a lle r  e f f e c t  on p r e s s u r e  
m easurem ents, ( f ig u r e  7 3 ) . For a  c o n s ta n t  f lo w  th e  f a l l  in  mean p r e s s u r e  
a c ro s s  a  s te n o s is  in c re a s e d  w ith  in c re a s in g  v i s c o s i t y  b u t  th e  p e rc e n ta g e  
p r e s s u re  lo s s  d e c re a s e d .
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F ig .  (70 ) The modulus o f  im pedance m easured a t  th e  u p s tream  
s i t e  in  th e  model f o r  s te n o s e s  o f  v a r io u s  le n g th s  
and d ia m e te r s .
A, u n r e s t r i c t e d  tube
B ,s te n o s is  d ia .  2 mm, le n g th  1 cm
C ,s te n o s is  d i a .  2 mm, le n g th  2 cm
D ,s te n o s is  d i a .  2 mm, le n g th  3 cm
E ,s te n o s is  d i a .  1 mm, le n g th  1 cm
F ,s te n o s i s  d ia .  1 mm, le n g th  2 cm
G ,s te n o s is  d ia .  1 mm, le n g th  3 cm
v i s c o s i t y  o f  th e  f l u i d  3 .4 6  cP
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F ig .  (71 ) The m odulus o f  im pedance m easured a t  th e  u p stream
s i t e  in  th e  model f o r  v a r io u s  s te n o s e s  w ith  f l u i d s  o f  
. d i f f e r e n t  v i s c o s i t i e s .
A, s te n o s i s  1 cm lo n g , d ia m e te r  2 mm, v i s c o s i t y  3 .4 6 cP
B, s te n o s i s  1 cm lo n g , d ia m e te r  2 mm, v i s c o s i t y  5 .67cP
C, s te n o s i s  1 cm lo n g , d ia m e te r  1 mm, v i s c o s i t y  3 .4 6 cP
D, s te n o s i s  1 cm lo n g , d ia m e te r  1 mm, v i s c o s i t y  5 .67cP
E, s te n o s i s  3 cm lo n g , d ia m e te r  1 mm, v i s c o s i t y  3 .4 6 cP
F , s te n o s i s  3 cm lo n g , d ia m e te r  1 mm, v i s c o s i t y  5 .67cP
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SI■'E'TvTHQTQ T T e s t C o r r e la t io n  A n a ly s isL £j1N Uolo
T P r P SLOPE
L w
Tube 7 .6 2 ^ 0.001 0 .3 8 4 0 .2 7 4 0 .2 4
1 0 .5 0 5.85 CO.001 0 .399 0.253 0 .3 4
1 0 .33 8 .27 C, 0.001 0.937 ^ 0 .0 0 1 0 .97
1 0 .1 7 3 .33 0 .0 0 4 0 .997 < 0 .0 0 1 1 .26
2 0 .5 0 9 .0 0 C 0.001 0 .623 0.053 0 .7 8
2 0 .3 3 2 .86 0.009 0 .952 C O .001 1 .0 4
2 0 .17 2.07 0 .033 0 .998 7 ,0 .0 0 1 1 .16
3 0 .5 0 5 .75 C O .001 0 .856 0 .002 0 .8 4
3 0 .3 3 6 .33 <0.001 0.983 C O .001 1.06
3 0 .1 7 7 .6 2 0.045 0 .995 < 0.001 1 .06
T able (16 )
Comparison and c o r r e l a t i o n  o f  Impedance o f  f l u i d  2 and f l u i d  3 .
L i s  th e  le n g th  o f  th e  s te n o s i s  (cm ),
W i s  th e  d ia m e te r  r a t i o  o f  th e  c o n s t r i c t io n  and tu b e  .
As th e  s te n o s i s  g e ts  t i g h t e r ,  r  -^ 1  and s lo p e  in c re a s e s  .
As th e  s te n o s i s  g e ts  lo n g e r ,  r  —^ 1  and th e  s lo p e  becomes more s t a b l e  .
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F ig  (72) V a r ia t io n  o f  th e  mean flo w  in d e x  w ith  d ia m e te r  
r a t i o ,  w, mean in p u t  p r e s s u r e ,  100 mmHg 
O' , 1 cm long  
I  , 2 on long  
)C , 3 cm long  
v i s c o s i t y ,  3 .4 7  cP
1 8 5
100!
80*
x
oo
CO
LU
Q_
<C
LU
s
DIAMETER RATIO, oo
F ig  (73) V a r ia t io n  o f  th e  mean p re s s u re  in d e x  w ith  d ia m e te r  
r a t i o ,  w, le n g th  o f  s t e n o s i s ,  3 cm.
O , mean in p u t p r e s s u re  100 mmHg,
v i s c o s i t y ,  3 .46  cP 
® ., mean in p u t  p re s s u re  150 mmHg, 
v i s c o s i t y ,  3 .4 6  cP 
D , mean in p u t p r e s s u r e  100 mmHg,
v i s c o s i t y ,  5«67 cP .
19 , mean in p u t  p r e s s u re  150 mmHg,
v i s j ) g i ^ y ,  • 5 .67  cP
by th e  r a t i o  o f  th e  am p litu d e  o f  th e  dow nstream  o s c i l l a t i o n  to  th e  
am p litu d e  o f  th e  upstream  O s c i l l a t i o n  (C^/Q-j ) ex p re ssed  a s  a p e r c e n t .
P lo ts  o f  t h i s  r a t i o  a g a in s t  fre q u e n c y  o f  o s c i l l a t i o n  were made fo r  
d i f f e r e n t  co m b in a tio n s  o f  d r iv in g  p r e s s u r e ,  s iz e s  o f  s te n o s e s  and f l u i d s  
o f  d i f f e r e n t  v i s c o s i t y .  V a r ia t io n s  in  th e  head  o f  p r e s s u r e  (hence  mean 
flow ) d id  n o t  a f f e c t  th e  r e s u l t  s i g n i f i c a n t l y .
For a  g iv e n  s t e n o s i s ,  th e  r e l a t i o n s h ip  betw een damping and fre q u e n c y  
in d ic a te d  th a t  h ig h  f r e q u e n c ie s  a re  more s e v e re ly  .damped th a n  low  
f r e q u e n c ie s ,  ( f ig u r e  7 4 ) . There was some damping o f  the  h ig h e r  f r e q u e n c ie s  
^without s t e n o s i s .  Flow waves were more s e v e re ly  damped in  v is c o u s  f l u i d s .  
Changes in  th e  f lo w  wave due to  in c r e a s in g  th e  le n g th  o f  th e  s t e n o s i s  
were i n c o n s i s t e n t .  There was no d i f f e r e n c e  betw een th e  f lo w  wave in  an 
u n c o n s tr ic te d  tu b e  and t h a t  in  a tu b e  whose lumen was red u ce d  to  25%
(w = 0 .5 )«  At 3 Hz th e  in d e x  o f  damping (Q^/Q^) was a f f e c te d  l e s s  by a  
s te n o s i s  th an  were o th e r  i n d i c e s .
Damping o f  th e  p r e s s u r e  wave was ex p re sse d  i n  th e  same m anner a s  
t h a t  f o r  a  f lo w  wave. The r a t i o  o f  th e  a m p litu d e  dow nstream  to  t h a t  
upstream  was d e c re a se d  when th e  s te n o s i s  became more s e v e re .  I t  d e c re a se d  
w ith  freq u en cy  a t  f i r s t  and th en  l e v e l l e d  o f f .  The i n i t i a l  d e c re a se  
was s te e p e r  a s  th e  d ia m e te r  p f  th e  c o n s t r i c t i o n s  was re d u c e d , ( f ig u r e  75)*
In c re a s in g  th e  le n g th  o f  a s t e n o s i s  from  1 to  2 cm p roduced  f u r th e r  
r e d u c t io n s  in  th e  r a t i o ,  b u t  in c re a s in g  th e  le n g th  from  2 cm to  3 cm had 
l i t t l e  f u r th e r  e f f e c t .  A lthough th e  u n r e s t r i c t e d  tu b e  p roduced  some 
damping o f  th e  p r e s s u re  wave th e  cu rve  fo r  a  lumen o f  o n ly  25% (w = 0 .5 )  
was c l e a r l y  d is t i n g u is h a b le  from  th a t  o f  th e  tu b e .  T h is  a p p l ie d  f o r  
ev e ry  le n g th  o f  s te n o s i s  and each  o f  th e  f l u i d s .
The energ y  r a t i o  i s  th e  r a t i o  o f  th e  en erg y  dow nstream  o f  a  
c o n s t r i c t i o n  to  th e  energ y  u p s tream . A summary o f  th e  r e s u l t s  i s  
p re s e n te d  in  f ig u r e  (7 6 ) .  The energ y  r a t i o  was a f f e c t e d  by a c o n s t r i c t i o n ,  
th e  more s e v e re  th e  c o n s t r i c t i o n  th e  lower th e  e n e rg y  r a t i o .  F or v a lu e s
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F ig  (74) V a r ia t io n  o f  th e  flo w  damping in d e x  w ith  
freq u en cy  f o r  d i f f e r e n t  s te n o s e s .
X , norm al tube
, s te n o s i s  1 cm lo n g ; w, 0 .5
Q , s t e n o s i s  1 cm lo n g ; w, 0 .3 3
□  , s t e n o s i s  1 cm lo n g ; w, 0 .1 7
19 , s te n o s i s  3 cm lo n g ; w, 0 .1 7
v i s c o s i t y  = 3 .4 7  cP
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F ig  (75) V a r ia t io n  o f  th e  p r e s s u re  damping in d e x  w ith  
freq u en cy  f o r  d i f f e r e n t  s te n o s e s ,  
v i s c o s i t y  3 .4 7  cP 
sym bols a s  f ig u r e  (74)
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F ig  (76) V a r ia t io n  o f  th e  energ y  r a t i o  in d ex  w ith  
freq u en cy  fo r  d i f f e r e n t  s ten o ses*  
v i s c o s i t y  3 .4 7  cP 
symbols a s  f ig u r e  (74)
t o t a l  en erg y  may be l o s t ,  a s  in  th e  ca se  o f  a  s te n o s i s  0 .1  cm in  
d ia m e te r  (w = 0 .1 7 )»  1 cm lo n g . In c re a s in g  th e  le n g th  o f  a  s te n o s i s  
produced a low er energ y  r a t i o  e x c e p t in  th e  t i g h t e s t  s te n o s i s  w ith  th e  
m ost v is c o u s  f l u i d .  For a  s te n o s i s  o f  g iv e n  d im ensions th e  en erg y  r a t i o  
was in c re a s e d  by in c re a s in g  th e  v i s c o s i t y .
S in ce  th e  r e s i s t a n c e  r i s e s  a s  w f a l l s ,  th e  in d e x  p re s e n te d  fo r  
com parison i s  th e  conductance  r a t i o ,  o r  th e  r e s i s t a n c e  o f  th e  tube  
d iv id e d  by th e  r e s i s t a n c e  o f  th e  s te n o se d  tu b e  ex p re sse d  a s  a  p e rc e n ta g e .  
S im i la r ly  th e  im pedance in d e x  p re s e n te d  i s  th e  r a t i o  o f  th e  r e c ip r o c a l  
o f  im pedance, th e  a d m itta n c e  r a t i o ,  o r  th e  im pedance o f  th e  tu b e  d iv id e d  
by th e  im pedance o f  th e  s te n o se d  tube  ex p re sse d  a s  a  p e rc e n ta g e ,
( f ig u r e  77) .
Comparison o f  th e  changes in  each in d e x  a re  sum m arised in  f ig u r e s  
( 78- 82) .  Three le n g th s  o f  s te n o s i s  and th r e e  v i s c o s i t i e s  a r e  d e s c r ib e d .
Of th e  fo u r  in d ic e s  r e f e r r i n g  to  o s c i l l a t o r y  flo w , ’ f lo w  dam ping’ 
i s  th e  m ost s e n s i t i v e  a t  h ig h  f r e q u e n c ie s  and a d m itta n c e  ( th e  in v e r s e  o f  
im pedance) a t  low  f re q u e n c ie s  w h ile  p r e s s u r e  damping and en e rg y  r a t i o  v a ry  
o n ly  s l i g h t l y  w ith  fre q u e n c y . For com parison p r e s s u r e  dam ping, energ y  
r a t i o  and a d m itta n c e  a re  shown f o r  a fre q u e n c y  o f  3 Hz and f lo w  damping 
f o r  8 Hz.
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F ig  (77) V a r ia t io n  o f  th e  a d m itta n c e  r a t i o  in d e x  w ith  
freq u en cy  fo r  d i f f e r e n t  s te n o s e s .
A , s te n o s is 1 cm lo n g ,' w = 0 .5
O , s t e n o s is 1 cm lo n g , w = 0 .3 3
□ , s te n o s i s 1 cm lo n g , w = 0 .1 7
B , s te n o s is 3 cm lo n g , w = 0 .1 7
v i s c o s i t y ,  3 .47  cP
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F ig  ( 78 ) Comparison o f  in d ic e s  f o r  v a ry in g  d ia m e te r  r a t i o ,  v.
S te n o s is ,  1 cm lo n g , v i s c o s i t y ,  0 .9 6  cP.
A* mean flo w
O Jjiean p r e s s u re
O conductance 
& flo w  damping 
Q p re s s u re  damping 
@ ad m itta n c e  
X energy
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F ig  (79) Comparison o f  in d ic e s  f o r  v a ry in g  d ia m e te r  r a t i o ,  w. 
S te n o s is ,  1 cm lo n g , v i s c o s i t y ,  3 .47  cP .
Symbols a s  f ig u r e  ( 78)
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F ig  (80) Comparison o f  in d ic e s  f o r  v a ry in g  d ia m e te r  r a t i o ,  w. 
S te n o s is ,  1 cm lo n g , v i s c o s i t y ,  5 .67 cP.
Symbols as  f ig u r e  ( 78)
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F ig  (81) Comparison o f  in d ic e s  fo r  v a ry in g  d ia m e te r  r a t i o ,  w. 
S te n o s is ,  2 cm lo n g , v i s c o s i t y ,  3 .47  cP#
Symbols a s  f ig u r e  ( 78 )
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F ig  (82) Comparison o f  in d ic e s  f o r  v a ry in g  d ia m e te r  r a t i o ,  w. 
S te n o s is ,  3 cm lo n g , v i s c o s i t y ,  3 .4 7  cP.
Symbols a s  f ig u r e  ( 78 )
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The l in e a r  shear s t r e s s  -  shear r a te  r e la t io n s h ip  o f  
m e th y lc e llu lo se  shown in  f ig u r e  (62) togeth er  w ith the sm all tem perature 
changes in  the model perm it the assum ption o f  a co n sta n t v i s c o s i t y  fo r  the  
f lu id  a t  a l l  r a te s  o f  sh ear. The c lo se n e s s  o f  the curve fo r  
m e th y lc e llu lo se  a t  1 2 . 7°C to th a t o f  blood a t  body tem perature su g g ests  
i t  may be an adequate s u b s t itu te  fo r  blood in  the m odel.
The mean wav'e speed o f  the step  measurements i s  21.45 m /s.. 
Measurements on the fem oral a r te r y  o f  normal v o lu n te e r s  u sin g  u ltrasound  
g iv e  a range o f  7*4 to  2 5 .6  m /s w ith a mean v a lu e  o f  11 .7  m /s (H a rr is , 
1 9 7 4 ) .  V alues fo r  the tube are thus a t  the upper end o f  the normal range.
The r a t io  o f  the th ick n ess  o f  the w a ll to the mean diam eter o f  the  
tube i s  0.197» approxim ately tw ice  th a t found in  the fem oral a r ter y  
(Learoyd and T aylor, 1966). Under th ese  c o n d itio n s  i t  i s  more ap p rop riate  
to  use a s im p lif ic a t io n  o f  B e r g e l’ s m o d ific a tio n  o f  the Moens-^Korteweg 
eq u ation , to  d er iv e  e l a s t i c  modulus, E, (B erg e l, 1961, McDonald, 1974 
page 254) z  £  ^
C  *  2 R / ° 0 _ , r I )
•where C i s  the wave speed
R i s  the tube rad iu s
h i s  the w a ll th ick n ess
f  i s  the d e n s ity
c r  i s  B o isson ’ s r a t io  fo r  the w a ll m a ter ia l
6 /  2This g iv e s  an e l a s t i c  modulus o f  27.1 x 10 dyne/cm fo r  the step  
d a ta . Few workers have attem pted to measure the e l a s t i c  p r o p e r t ie s  o f  
the human a r t e r ia l  w a ll but v a lu es  g iven  fo r  the fem oral a r te r y  o f  o ld er  
men (36 to 52 y ea rs) are 14 x 1 0 ^dyne/cm2  s t a t i c  and 37 x 1 0 ^dyne/cm2  
a t  10 Hz (Learoyd and T aylor, 1966). The s t a t i c  v a lu e s  o f  the tube 
and a r ter y  compare favourab ly  but the dynamic modulus o f  the tube bears  
b e tte r  comparison w ith the v a lu e  g iven  fo r  the i l i a c  a r te r y  than the  
fem oral.
1 9 8
th e  tu b e  i s  u n ifo rm , b u t  th e  f l u i d  i n  c o n ta c t  w ith  th e  w a ll  i s  r e ta r d e d  
by v is c o u s  drag* In  a  s im i la r  manner each  c o n c e n tr ic  l a y e r  o f  th e
d e v e lo p e d , a x i a l  f lo w  h av in g  th e  g r e a t e s t  v e lo c i ty *  The d i s ta n c e  from 
th e  e n tra n c e  beyond which th e  v e lo c i ty  p r o f i l e  i s  in d e p e n d e n t o f  th e  
d i s t a n c e  i s  th e  e s ta b l is h m e n t  o r  e n tra n c e  le n g th *  In  th e o ry  an i n f i n i t e  
le n g th  i s  t r a v e l l e d  b e fo re  t h i s  c o n d i t io n  i s  s a t i s f i e d *  F o r p r a c t i c a l  
p u rp o se s  f lo w  i s  s a id  to  be e s ta b l i s h e d  when th e  p eak  v e l o c i ty  i s  
w ith in  1% o f  th e  . t h e o r e t i c a l  va lue*  M easurem ents o f  p r e s s u r e  and f lo w  
made in  t h i s  le n g th  a re  n o t  c h a r a c t e r i s t i c  o f  th e  e s ta b l i s h e d  flow*
The n e c e s s a ry  le n g th  betw een th e  p i s to n  system  and th e  t e s t  s e c t io n  i s  
g iv e n  by th e  e q u a tio n
betw een th e  w a ll and a lam in a  th e  v e l o c i ty  o f  which = 0*99 x th e  p e a k  
v e l o c i ty ,  Vp. The v a r i a t i o n s  o f  S  w ith  tim e and i t s  d e c re a s e  w ith  
freq u en cy  have been d e s c r ib e d  by K a s s ia n id e s  and G erra rd  (1975)*
The lo n g e s t  e n tra n c e  le n g th  o c c u rs  in  th e  ca se  o f  c o m p le te ly  
la m in a r  flo w  when th e  e s ta b l i s h e d  v e l o c i ty  p r o f i l e  i s  p a r a b o l i c  and 
p eak  f lo w  v e lo c i ty  i s  tw ic e  th e  c ro s s  s e c t io n a l  mean (Vp = 2 x  V ).
In  t h i s  case  S  a ls o  h a s  i t s  maximum v a lu e ,  s l i g h t l y  l e s s  th a n  th e  r a d iu s ,  
R. B oth n o n -la m in a r and tu r b u le n t  f lo w  have a  s m a lle r  e s ta b l is h m e n t  
le n g th  due to  th e  f l a t t e r  v e l o c i ty  p r o f i l e  and n a rro w e r boundary  l a y e r .
f l u i d  (lam in a ) moves r e l a t i v e  to  th o se  a d ja c e n t  and a v e l o c i ty  p r o f i l e  i s
v
where Le i s  th e  e n tra n c e  le n g th
S  i s  th e  boundary  la y e r  th ic k n e s s
V i s  th e  in s ta n ta n e o u s  e n t ry  v e l o c i ty ,  u n ifo rm  a c ro s s  th e  tu b e
V i s  th e  k in e m a tic  v i s c o s i t y
The boundary  la y e r  th ic k n e s s ,  S , i s  d e f in e d  h e re  a s  th e  d i s ta n c e
C ross s e c t io n a l  mean v e l o c i ty
and p eak  c ro s s  s e c t io n a l  mean v e l o c i t y >
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Qp = p e a k  f lo w  r a t e  in  th e  tu b e
Assuming la m in a r f lo w  o c c u rs ,  th e  maximum e n tra n c e  le n g th  w hich 
m ig h t be r e q u ir e d  i s
L e  =  0 - 1 x R 2 k 1  K - L
max T T ft
=  ° - '2- X
V  v
then Qp _ 1 | X Tl
■V ” * 0--2-
From t h i s  e q u a tio n  th e  maximum fo rw ard  f lo w , Q f o r  which f lo w  would be 
e s ta b l i s h e d  i s  shown i n  f ig u r e  (83) f o r  f l u i d s  o f  d i f f e r e n t  v i s c o s i t i e s ,  
w ith  d i f f e r e n t  e n tra n c e  le n g th s*
W ith th e  arran g em en t used  th e  th r e e  le n g th s  shown co rre sp o n d  to  
th e  i n l e t  s e c t io n  i t s e l f ,  2 m; th e  d is ta n c e  from  th e  o r i f i c e  to  th e  
f i r s t  p r e s s u r e  n e e d le ,  2 .3  m; and th e  d is ta n c e  from  th e  o r i f i c e  to  th e  • 
c e n t r e  o f  th e  t e s t  s e c t i o n ,  2*5 m. Assuming a  p a r a b o l ic  p r o f i l e ,  f o r  a 
f l u i d  w ith  a  k in e m a tic  v i s c o s i t y  s im i la r  to  b lo o d , a p p ro x im a te ly  4 c S t,
2
a  p eak  flo w , Q ^ o f  115 cm / s e c  w i l l  be e s ta b l i s h e d  on e n t ry  to  th e  t e s t
3s e c t io n  and 144 cm / s e c  w i l l  be e s ta b l i s h e d  by th e  f i r s t  m easu rin g  s i t e *
For h ig h e r  v i s c o s i t y  f l u i d s  th e s e  f ig u r e s  a r e  g r e a t ly  in c re a se d *  For
s a l i n e  V = 1 c S t,  th e  co rre sp o n d in g  v a lu e s  a r e  a p p ro x im a te ly  
330 cm / s e c .  O s c i l l a t i o n s  which in c lu d e  in s ta n ta n e o u s  fo rw ard  flo w s 
g r e a t e r  th a n  t h i s  v a lu e  may p roduce u n r e l i a b le  r e c o r d in g s .
I t  i s  u n l ik e ly  t h a t  u s in g  s a l i n e  in  th e  m odel f lo w  i s  la m in a r  e x c e p t 
a t  v e ry  low  f re q u e n c ie s  when th e  am p litu d e  o f  o s c i l l a t i o n  i s  sm a ll 
(S a rp k ay a , 1966). The e n tra n c e  le n g th  can be c o n s id e re d  to  be ad eq u a te*  
f o r  th e  c o n d i t io n s  l i k e l y  to  be e n c o u n te re d .
R e f le c t io n s  o f  th e  p r e s s u r e  wave from  th e  end o f  th e  tu b e  can be 
d e te rm in ed  from  c a l c u la t io n s  o f  th e  wave tra n s m is s io n  assum ing com ple te  
r e f l e c t i o n .  From th e  work o f  Womersley i t  i s  p o s s ib le  to  c a l c u l a t e  th e
3 0 0
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F ig . (83) V a r ia t io n  o f  maximum peak  o s c i l l a t o r y  flo w  (Qp) 
w ith  k in e m a tic  v i s c o s i t y  o f  th e  f l u i d  ( v  ) f o r  
r e le v a n t  e n tra n c e  le n g th s .
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p a ra m e te r  (W omersley, 1955b)
where R i s  th e  r a d iu s  o f  th e  tu b e
£ i s  th e  fre q u e n c y  o f  o s c i l l a t i o n  
V i s  th e  k in e m a tic  v i s c o s i t y
¥ o m ersley * s assu m p tio n s  in c lu d e  
<1 ) l i n e a r  th e o ry
(2 )  r a d i a l  f l u i d  m o tio n s  sm a ll com pared w ith  a x i a l  m o tio n s  
{3) th in  w a lled  th e o ry  f o r  w a ll m otion  z \
( 4 ) assum ed m otion  p r o p o r t io n a l  to  6^ 
where t  i s  tim e
Z i s  d is ta n c e  a lo n g  th e  tu b e  
C i s  th e  wave speed  
The r e s u l t s  a re  p re s e n te d  in  f ig u r e  ( 84) f o r  b o th  a  th in  and th i c k  w a lled  
tu b e . . From th e  d e f i n i t i o n  o f c A i t  i s  a p p a re n t t h a t  a s  f  in c r e a s e s  
in c r e a s e s  and tra n s m is s io n  p e r  w aveleng th  in c r e a s e s .  The w av e le n g th , \  ,
= c / f • Thus a s  f  in c r e a s e s  th e  w aveleng th  s h o r te n s  and th e  l e a s t  
a t te n u a t io n  p e r  u n i t  o f  d is ta n c e  t r a v e l l e d  a c t u a l l y  o c c u rs  a t  low  
f r e q u e n c ie s ,  (McDonald 1974f p .2 9 1 -2 9 6 ) .  Low fre q u e n c y  waves in  f l u i d s  
o f  low  v i s c o s i t y  w i l l  p roduce  th e  l a r g e s t  r e f l e c t i o n s  and c o n s e q u e n tly  th e  
g r e a t e s t  i n t e r f e r e n c e .
The t o t a l  p a th  t r a v e l l e d  by waves r e f l e c t e d  from  th e  end i s  tw ic e  
th e  le n g th  o f  th e  tu b e , 80 m.
I f  th e  number o f  w aveleng ths t r a v e l l e d  i s  n ,  *■ n  X * nC
R e s u lts  a re  shown in  t a b le  ( 17) f o r  some v a lu e s  o f  i n t e r e s t .  I t  can be 
seen  t h a t  u s in g  a  low  v i s c o s i t y  f l u i d  such a s  s a l i n e ,  1? = 0 .01  S t ,
r e f l e c t i o n  o f  a  1 Hz wave i s  u n a c c e p ta b ly  h ig h  w hether th i n  o r  t h i c k  w a ll
I f  *y*ss tra n s m is s io n  p e r  w av e len g th , th e n  f o r  a  r e f l e c t e d  wave re a c h in g
th e  t e s t  s e c t io n  to  be l e s s  th a n  5% o f  th e  in p u t  wave
^K.r\_____ ______
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F ig . ( 84) The c a lc u la te d  e f f e c t  o f  o s c i l l a t o r y  flo w  p a ra m e te r , 
*L, on th e  tra n s m is s io n  p e r  w aveleng th  in  th e  
e x p e rim e n ta l tu b e .
•  assum ing th in  w alled  tube
assum ing th ic k  w a lle d , lo n g i tu d in a l ly  
te th e r e d ,  tu b e .
!
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v  £ «  T  - r  A m plitude ($ )
(S to k e s )  (Hz) th in  th ic k  n th in  th ic k
0.01 1 7 .6  0 .6 9  0 .5 3  2 4 7 .6  2 7 .6
3 13 .2  0.82- 0 .7 0  10 14 .0  3 ,0
0 .0 4  1 3 .8  0 .3 9  0 .2 3  2 14 .8  5.1
2 5 .3  0 .5 5  0 .3 8  5 5 .0  0 .0 8
Table ( 17)
A m plitude o f  r e f l e c t e d  wave a s  a p e rc e n ta g e  o f  th e  in p u t  wave c a lc u la te d  
f o r  th in  and th ic k  w alled  th e o ry  a t  low f re q u e n c y .
©C. = non d im en sio n a l fre q u e n c y  p a ram e te r  
r= tra n s m is s io n  p e r  w aveleng th  
n  = number o f  w aveleng ths in  80 m
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w alled  th e o ry  so t h a t  th e  lo w e s t a c c e p ta b le  fre q u e n c y  l i e s  betw een 1 
and 3 Hz. With a  f l u i d  s im i la r  to  b lo o d , th e  a t t e n u a t io n  o f  a  1 Hz 
wave i s  a lm o s t w ith in  th e  s p e c i f ie d  ra n g e . The e x p e r im e n ta l r e s u l t s  o f  
f i g u r e  (64) were o b ta in e d  u s in g  a  f l u i d  w ith  a  v i s c o s i t y  o f  0 .01 s to k e s  
y e t  r e f l e c t i o n s  o f  th e  s te p  in p u t  a re  w e ll a t te n u a te d  a t  60 m.
A d d it io n a l  damping may o c c u r  when th e  o s c i l l a t i o n  i s  imposed on a  mean 
f lo w  a s  i t  was in  th e  m odel, (W omersley, 1957A, McDonald, 1974 p 297)*
I t  i s  a l s o  u n l ik e ly  t h a t  com plete  r e f l e c t i o n  o c c u r s .
> The o p e ra t io n  o f  th e  system  which com bines s te a d y  f lo w  and 
p u l s a t i l e  p r e s s u r e  depends upon th e  su p p ly  tu b e  and i n l e t  o r i f i c e  
p r e s e n t in g  a  c o n s id e ra b ly  g r e a t e r  im pedance to  f lo w  th a n  th e  m ain tu b e .  
When t h i s  c o n d i t io n  i s  f u l f i l l e d ,  th e  o s c i l l a t i o n  p roduced  by th e  p i s to n  
p a s s e s  a lo n g  th e  w orking s e c t io n  and n o t  i n to  th e  su p p ly  l i n e .  The 
r e s i s t a n c e  o f  th e  su p p ly  l i n e  and o r i f i c e  i s  s l i g h t l y  l e s s  th a n  t h a t  o f  
th e  43 m o f  tu b in g  a s  shown in  T ab le  ( 14) and becomes much l e s s  when 
se v e re  c o n s t r i c t i o n s  a re  p la c e d  in  th e  t e s t  s e c t i o n .  However th e  u se  o f  
fo u r  v e ry  sm a ll h o le s  a s  th e  i n l e t  o r i f i c e  does p ro d u ce  a h ig h  im pedance
\ - r \  l p lto  o s c i l l a t o r y  f lo w . We d e f in e  th e  am p litu d e  o f  im pedance J *-\ cxs ■
The r a t i o  o f  th e  im pedance to  back  f lo w  and th e  im pedance to  fo rw ard
flo w  i s  | Z |( J | _  | p |  y  I Q o u t ] _  I
1M I M
T h is  i s  th e  o s c i l l a t o r y  f lo w  r a t i o  which was m easured a s  20 . The 
r e q u ir e d  c o n d it io n s  a r e  th u s  f u l f i l l e d .
The f a l l  in  mean flo w  w ith  in c r e a s in g  f re q u e n c y , f ig u r e  (6 5 ) ,  i s  
p ro b a b ly  due to  tu rb u le n c e  in  th e  p i s to n  assem bly  and to  v is c o u s  lo s s e s  
a t  th e  w a l l .  When en erg y  i s  l o s t  in  tu rb u le n c e  mean flo w  f o r  a  
c o n s ta n t  a p p l ie d  p r e s s u r e  f a l l s .  For a f ix e d  p i s to n  s tr o k e  a s  f re q u e n c y  
in c re a s e s  th e  r a t i o  o f  th e  am p litu d e  o f  o s c i l l a t o r y  flo w  to  mean f lo w  
(a s  d e s c r ib e d  by th e  p a ra m e te r , A) in c r e a s e s  and f lo w  becomes l e s s  s t a b l e  
(S a rp k ay a , 1966). S im i la r ly  when mean flo w  i s  re d u c e d , th e  r a t i o  i s  l a r g e
and f lo w  i s  l e s s  s t a b l e .  C o n s t r i c t i o n s  w i l l  p ro d u ce  a d d i t i o n a l  lo s s e s
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i n  th e  g raph  o f  mean f lo w  a re  due to  changes in  th e  am p litu d e  o f
o s c i l l a t o r y  f lo w  caused  by r e f l e c t i o n s  from  th e  c o n s t r i c t i o n s  in  th e
e x p e r im e n ta l l e n g th .  S tan d in g  waves a r e  s e t  up in  th e  e n tra n c e  le n g th  by
r e f l e c t i o n s .  When th e  s ta n d in g  p r e s s u r e  wave i s  a t  i t s  maximum am p litu d e  -
th e  f lo w  wave h a s  a  minimum a m p litu d e . Flow minima o ccu r when.- th e
d i s t a n c e ,  L, to  th e  r e f l e c t i n g  s i t e  i s  n  A
i e .  L = n C /2 f  ./  m in
where n  i s  an  in te g e r
£  . i s  th e  fre q u e n c y  a t  w hich a  minimum o c c u rs  rain  —
The f i r s t  f  . (n = l)  i s  a t  4*5 Hz, th e  second (n=2) i s  a t  9 Hzm m  v 7 ■ x 7
The d is ta n c e  to  th e  c o n s t r i c t io n  i s  2 ,5  m 
C = 2 x  4 .5  x  2 .5  = 2 2 .5  m /s 
i n  good ag reem en t w ith  th e  r e s u l t s  o f  T ab le (*13).
Com parison o f  th e  model w ith  th e  s i t u a t i o n  in  th e  fem o ra l a r t e r y  
may be made u s in g  th e  e n g in e e r in g  p a ra m e te rs  w hich govern  p u l s a t in g  
f lo w , Re, and A.
T y p ic a l v a lu e s  o f  th e  v a r i a b le s  and th e  c o rre sp o n d in g  v a lu e s  o f  Re, 
and A a re  g iv e n  in  T ab le  ( l 8 ) .  Re^ i s  th e  R eynolds number f o r  a mean 
v e l o c i ty  e q u a l to  th e  p eak  o s c i l l a t o r y  v a lu e ,  U • B lood v i s c o s i t y  and 
th e  maximum v a lu e  f o r  A in  th e  fem o ra l a r t e r y  a r e  ta k en  from  c l i n i c a l  
f lo w  s tu d ie s .
In  th e s e  ex p erim en ts  th e  f a c t o r  which m ost a f f e c t e d  th e  t o t a l  
r e s i s t a n c e  was v i s c o s i t y .  T h is  was l a r g e ly  due to  th e  e f f e c t  o f  th e  f l u i d  
w hich o ccu p ied  th e  o u tf lo w  tu b e .  When th e  r e s i s t a n c e  o f  th e  o u tf lo w  i s  
s u b tr a c te d  from th e  t o t a l  r e s i s t a n c e  ( f ig u r e  68) v a r i a t i o n s  due to  th e  
c o n s t r i c t io n  rem ain  b u t  th e  e f f e c t  o f  changes in  v i s c o s i t y  i s  re d u c e d . 
D uring  o p e ra t io n s  i t  i s  d i f f i c u l t  to  keep th e  p e r ip h e r a l  r e s i s t a n c e  
c o n s ta n t  and t o t a l  r e s i s t a n c e  m easurem ents a re  th e r e f o r e  u n r e l i a b l e .  
Segm ental r e s i s t a n c e  may be u s e f u l .
F o r m easurem ents o f  im pedance th e  m e ch an ic a l m odel was an
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TERM UNITS ' FEMORAL ARTERY MODEL
min max mm max
a cm 0 .2 0 .4 0 .3 mm
f Hz 0 .5 2 .0 1‘ 10
(5 .0 ) ( 20)
*9 s to k e s •0.03 0 .05 0.01 0 .0 8
Q
3 /  cm / s e c 0 .2 5 10 1 10
Qp
3 /  cm / s e c 0 .25 ' 40 1 60
- 1 .6 8 .2 2 .6 24
(5 .0 ) (26)
Re - 4 530 13 1060
Rep - - 2120 - 6360
A 0 10 0 30
T able ( 18 )
Comparison' o f  model and human fem o ra l a r t e r y .
Terms a s  d e f in e d  in  th e  t e x t .  V alues f o r  f  and **-in th e  a r t e r y  a re  
g iv en  f o r  th e  fundam enta l fre q u e n c y  w ith  v a lu e s  f o r  th e  10 th  h arm on ic  
in  b r a c k e ts .
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a t  -w ill and a m p litu d e s  m easured  were s i g n i f i c a n t  a t  a l l  f r e q u e n c ie s  u se d . 
A lthough th e  waves p roduced  in  th e  model were b ig g e r  th an  o ccu r in  v iv o , 
th e  d i f f e r e n c e  seems to  be i r r e l e v a n t  s in c e  th e  im pedance was in d e p e n d e n t o f  
p r e s s u r e  head  i e .  th e  p r e s s u r e - f lo w  r e l a t i o n s h ip  was l i n e a r .  The 
h y d r a u l ic  m odel i s  a r t i f i c i a l  in  t h a t  r e f l e c t i o n s  from  th e  end were 
e l im in a te d  d e l i b e r a t e l y .  T h is  a u to m a tic a l ly  removed th e  ex p ec ted  r i s e  
and f a l l  in  th e  modulus o f  im pedance (O 'R ourke and T a y lo r , 1 9 6 6 ). However 
r e f l e c t i o n s  do a r i s e  from  th e  s te n o s i s  which m ig h t p roduce  o s c i l l a t i o n s  
i n  th e  m odulus o f  im pedance. T aking th e  wave speed  a s  21 m /s (T ab le  13) 
and th e  d i s ta n c e  from  th e  upstream  m easuring  s i t e  to  th e  so u rc e  o f  
r e f l e c t i o n s  ( th e  s te n o s i s )  to  be 20 cm, th e  f i r s t  minimum in  such
o s c i l l a t i o n s  would o c c u r a t  ab o u t 26 Hz which i s  f a r  beyond th e  ra n g e
I
o f  m easurem ent.
T here i s  an e r r o r  in  th e  c a l c u la t io n  o f  th e  m odulus o f  im pedance 
due to  th e  d is ta n c e  betw een th e  f lo w  and p r e s s u r e  p ro b e s  b u t  t h i s  i s  
sm a ll (W este rho f and N o o rd e rg ra a f , 1970A). M easurem ents o f  th e  
im pedance o f  th e  -u n re s tr ic te d  tu b e  were r e p r o d u c ib le ,  A ppendix ( 6 ) .
Impedance i s  a f f e c te d  by b o th  d ia m e te r  and le n g th  o f  s te n o s i s  and th e s e  
changes a re  m ost marked a t  th e  low  f re q u e n c ie s  ( f ig u r e  69, 7 0 ) .
To make a com parison betw een th e  v a r io u s  in d ic e s  o f  c i r c u l a t o r y  
im pairm ent a model c o n s tru c te d  o f  a r i g i d  tu b e  i s  in a d e q u a te  s in c e  th e  
p u l s a t i l i t y  o f  waveforms and th e  d i s t e n s i b i l i t y  o f  th e  v a s c u la r  c h a n n e ls  
a r e  c lo s e ly  r e l a t e d .  An a t te m p t was th e r e f o r e  made to  make a  m odel u s in g  
a  tu b e , th e  e l a s t i c i t y  o f  which approx im ated  to  t h a t  o f  th e  fem o ra l 
a r t e r y .  The in d ic e s  were chosen  to  d e c re a se  from  100% a s  w d e c re a se d  
from  1 to  0 ( i e .  from  an open tu b e  to  a  t o t a l  b lo c k ) .
In  c a se s  o f  a r t e r i o s c l e r o s i s  th e  c l i n i c i a n  d oes  n o t  n e c e s s a r i l y  
want to  know th e  e x a c t  geom etry  and lo c a t io n  o f  an  o b s t r u c t io n  b u t r a t h e r ,  
i s  th e  o b s t r u c t io n  p h y s io lo g ic a l ly  s ig n i f i c a n t ?  In  e a r l i e r  s tu d ie s  th e  
se a rc h  was f o r  a  " c r i t i c a l "  v a lu e  f o r  a s t e n o s i s .  D e f in i t io n s  have been
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v a r i a b le s  o f  p r e s s u r e  and flo w  a r e  in  f a c t  r e l a t e d  and d e f i n i t i o n s
r e f e r r i n g  to  e i t h e r  an i s o l a t i o n  a r e  n o t  g e n e r a l ly  v a lid #
A .com bination  o f  th e  tw o, in  te rm s o f  r e s i s t a n c e ,  h a s  been used  in  
d e s c r ib in g  s te n o s e s  (W eale e t  a l ,  1964, B r ic e  e t  a l ,  1964, D e lin  and 
E kestrom , 1965, Logan, 1975, Roth e t  a l ,  1 9 7 6 ). The p r e s s u r e / f lo w  
r e l a t i o n s h ip  i n  th e  model i s  l i n e a r  w ith in  th e  p h y s io lo g ic a l  ra n g e  so 
th e  r e s i s t a n c e  was c o n s ta n t .  In  p a t i e n t s  th e  m ajo r p a r t  o f  th e  t o t a l  
r e s i s t a n c e ,  th e  p e r ip h e r a l  r e s i s t a n c e ,  i s  b o th  p r e s s u re  and flo w  
d ep en d en t so t h a t  t o t a l  r e s i s t a n c e  may n o t  be u s e f u l .  The m easu rem en t-
o f  segm en ta l r e s i s t a n c e  shows s i g n i f i c a n t  changes w ith  c o n s t r i c t i o n  b u t
when ex p re sse d  a s  a  p e rc e n ta g e  o f  th e  norm al r e s i s t a n c e  i t  was l e s s  
s e n s i t i v e  th a n  a d m itta n c e .
O b se rv a tio n  shows t h a t  c o n s t r i c t io n s  in  an a r t e r y  a f f e c t  th e  shape o f  
th e  p r e s s u r e  and flo w  waves b e fo re  th e y  a f f e c t  mean v a lu e s .  O s c i l l a to r y  
p r e s s u r e  and a d m itta n c e  a re  th e  m ost s e n s i t i v e  in d ic e s  o f  th e  e x te n t  
o f  c o n s t r i c t io n  ( f ig u r e  7 8 -8 2 ) . By m easu rin g  p r e s s u r e  wave dam ping and 
d e la y  in  a  h y d ra u l ic  model d i f f e r e n t  s te n o s is  can be d is t in g u is h e d  from  
each o th e r  and by m easu ring  p r e s s u re  a t  a  t h i r d  p o in t  th e  geom etry  and 
lo c a t io n  o f  th e  s te n o s is  can be c a l c u la te d ,  (Kim and C orco ran , 1973 ).
In  an open tu b e  t h i s  i s  a  s im p le  te c h n iq u e  b u t  in  th e  p re se n c e  o f  a  second 
s t e n o s i s  o r  o b s tru c te d  o u tf lo w , which i s  u s u a l  in  p a t i e n t s ,  i t  i s  m is ­
le a d in g .
The p u l s a t i l e  n a tu re  o f  p r e s s u re  and flo w  waves can be ta k e n  in to  
acc o u n t by c a lc u la t in g  th e  en erg y  o f  f lo w . The t o t a l  en e rg y  o f  f lo w  
i s  th e  sum o f  th e  p r e s s u re  energy  and th e  flo w  o r  k i n e t i c  e n e rg y . The
P  -u. v zenerg y  p e r  u n i t  w eigh t = -— "•  ------
- P = p r e s s u re  
P -  d e n s i ty
g = a c c e le r a t io n  o f  g r a v i ty  
V = v e lo c i ty  o f  flo w
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s te a d y  l e v e l ,  av erag ed  o v er one c y c le  i s :
(A ppendix  7)
i f  a  f l a t  v e l o c i ty  p r o f i l e  i s  assum ed,
—  /  2 w here P = mean p r e s s u r e  (d y n e s /a n  )
2
K^  = mean flo w  (cm / s e c )
3Kg = a m p litu d e  o f  s in u s o id a l  f lo w  o s c i l l a t i o n  (cm / s e c )
2A = c ro s s  s e c t io n a l  a r e a  o f  tu b e  (cm )
The e r r o r s  in v o lv e d  in  t h i s  assum ption  f o r  t h i s  s iz e  o f  v e s s e l  a re
d is c u s s e d  by B erguer and Hwang (1 9 7 4 ).
The e f f e c t s  o f  an a r t e r i a l  s te n o s i s  have been q u a n t i f ie d  in  te rm s 
o f  en e rg y  lo s s e s  bo th  in  m odels and in  dogs (R eul e t  a l ,  1972, B erguer 
and  Hwang, 1 9 74). A com b in a tio n  o f  haemodynamic v a r i a b le s  may be 
combined in  th e  S tro u h a l  num ber, a d im e n s io n le ss  p a ra m e te r  o f  u n s te a d y  
flo w . U sing t h i s  co n cep t i t  i s  p o s s ib le  to  p r e d i c t  from  m odel s tu d i e s ,  
th e  a r e a  o f  a  s te n o s i s  and th e  en erg y  lo s s e s  a c ro s s  i t  (R eu l e t  a l ,
1972). To c a l c u la te  th e  S tro u h a l number and a p p ly  t h i s  te c h n iq u e  in  
p a t i e n t s  i t  i s  n e c e s s a ry  to  m easure th e  u n s te n o se d  d ia m e te r  o f  th e  a r t e r y ,  
th e  volume flo w  ( f lu x )  p e r  c y c le ,  th e  d u ra t io n  o f  s y s to le  and th e  drop  
in  p r e s s u re  a c ro s s  th e  s t e n o s i s .  Energy lo s s e s  d e r iv e d  from  o u r e x p e rim e n ts  
a r e  compared w ith  th e  S tro u h a l number in  f ig u r e  ( 8 5 ) .  A lthough  th e r e  
i s  a  c o n s id e ra b le  d i f f e r e n c e  in  th e  r e s u l t s  from  th e  r e l a t i o n s h i p  s t a t e d  by 
R eul and h i s  c o l le a g u e s  i t  a p p e a rs  t h a t  en erg y  lo s s e s  may be r e l a t e d  to  
th e  S tro u h a? rna i r d e f in e d  by them . B erguer and Hwang used  c a l c u la t io n s  
b ased  on energ y  lo s s e s  to  e x p la in  th e  c o n ce p t and c o n t r a d ic t io n s  o f  a 
" c r i t i c a l ” s t e n o s i s ,  (B erguer and Hwang, 1974). They a l s o  showed th e  
im p o rtan ce  o f  ta lc ing  in to  acc o u n t th e  shape o f  th e  p u ls e  wave when 
s tu d y in g  th e  e f f e c t s  o f  a  s t e n o s i s ;  la rg e  e r r o r s  o c c u r i f  o n ly  mean flo w  
i s  c o n s id e re d . However to  d e te rm in e  w hether a s te n o s i s  i s  " c r i t i c a l ” 
o r  n o t  by t h i s  m ethod, i t  i s  n e c e s s a ry  to  know th e  r a t i o  o f  th e  d ia m e te r  
o f  th e  s te n o s i s  to  t h a t  o f  th e  a r t e r y  a s  w e ll a s  th e  en erg y  lo s s  and t h i s
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F ig . ( 85) The r e l a t i o n s h ip  betw een the  S tro u h a l number
d e f in e d  by R eul e t  a l .  (1972) and th e  en erg y  lo s s  
c a lc u la te d  from th e  m easurem ents made on the  
m odel.
X v i s c o s i t y  0 .9 6  cP
O v i s c o s i t y  3 .46  cP
•  v i s c o s i t y  5*67 cP
The c o n tin u o u s  l i n e  i s  th e  r e l a t io n s h ip  g iv en  by
Reul (n o te  th e  use  o f  lo g  s c a l e s ) .
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The v e l o c i ty  o f  f lo w  can be d e te rm in ed  from  th e  r a t e  o f  b u lk  
f lo w  ( f lu x )  and th e  a r e a  o f  c ro s s  s e c t io n  o f  th e  tu b e  i f  a  u n ifo rm  
v e l o c i ty  p r o f i l e  i s  assum ed. The e r r o r  in  t h i s  assum ption  i s  6% f o r  
d ev e lo p ed  tu r b u le n t  f lo w  and 200% f o r  steaidy la m in a r  flo w  (B erg u er and 
Hwang, 1 9 7 4 ). N orm ally o n ly  a  sm a ll f r a c t i o n  o f ’th e  t o t a l  e n e rg y  in  
a  p e r ip h e r a l  a r t e r y  i s  used  a s  k i n e t i c  e n e rg y . T h is  i s  l e s s  th a n  1% 
o f  th e  t o t a l  en erg y  d u r in g  th e  p e r io d  o f  maximum fo rw ard  f lo w  so t h i s  
a p p ro x im a tio n  i s  u n - im p o r ta n t .  As a  s te n o s i s  ap p ro ach es th e  c r i t i c a l  
s t a t e  th e  k i n e t i c  en erg y  component in c r e a s e s  and can n o t be ig n o re d . S ince  
th e  v e l o c i ty  component depends on b o th  th e  r a t e  o f  flo w  and th e  r a t i o  
o f  th e  a r e a  o f  th e  s te n o s i s  to  t h a t  o f  th e  tu b e , m easurem ent o f  th e  
p r e s s u r e  g r a d ie n t  a c ro s s  a s te n o s i s  w i l l  n o t  p ro v id e  s u f f i c i e n t  
in fo rm a tio n  on which to  ju d g e  th e  s ig n i f i c a n c e  o f  a  l e s i o n .
E nergy lo s s e s  a re  n o rm a lly  sm a ll in  th e  ” e x p e r im e n ta l le n g th ” o f  
th e  model b u t  a  s te n o s i s  c r e a te s  j e t s  and tu rb u le n c e  and hence  en e rg y  i s  
l o s t  in  f r i c t i o n ,  h e a t  and sound . As a  c o n s t r i c t i o n  becomes more se v e re  
th e  v e l o c i ty  o f  f lo w  th rough  th e  s te n o s i s  in c r e a s e s  and th e  lo s s e s  a re  
g r e a t e r .  The s m a lle r  lo s s e s  o f  en erg y  seen  when v is c o u s  f l u i d s  a r e  used  
may be due to  a  more s t a b l e  f lo w  o r  to  th e  f a c t  t h a t  th e  same in p u t  
p r e s s u r e  p ro d u ces  a  low er r a t e  o f  f lo w . The en e rg y  r a t i o  was l e s s  s e n s i t i v e  
to  v a r i a t i o n  in  th e  s i z e  o f  a  c o n s t r i c t i o n  th an  th e  o s c i l l a t o r y  
p r e s s u r e  o r  th e  a d m itta n c e .
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The r e s u l t s  show th a t  s in u s o id a l  waves can be fo llo w ed  th ro u g h  : 
th e  m odel. They undergo a t te n u a t io n  b u t  l i t t l e  d i s t o r t i o n .  T h is  
s im p l ic i ty  w i l l  b e  an  ad v an tag e  in  th e  s tu d ie s  o f  a r t e r i a l  d is e a s e  f o r  
which th e  m odel was c o n s tru c te d .  C o n d itio n s  in  th e  model a r e  in  c lo s e  
ag reem en t w ith  th e  p h y s io lo g ic a l  c o n d i t io n s  i n  th e  fem o ra l a r t e r y  o f  
man.
in p u t  im pedance ta k e s  in to  acc o u n t p u l s a t i l e  p r e s s u r e  and f lo w  
and- i s  s e n s i t i v e  to  b o th  th e  le n g th  and d e g re e  o f  c o n s t r i c t i o n .  I t  may 
l>e d e r iv e d  from  m easurem ents o f  th e  p ro x im a l p r e s s u r e  and f lo w  w aves, and 
u n l ik e  r e s i s t a n c e  i s  m a in ly  d ep en d en t on th e  p r o p e r t i e s  o f  th e  l o c a l  
v e s s e l  (G essn e r, 1972). Tf/hile th e  o th e r  i n d i c e s ,  mean p r e s s u r e  d ro p , 
p r e s s u r e  damping and th e  en e rg y  r a t i o  depend on mean f lo w  r a t e s  im pedance 
d o e s  n o t .  In p u t im pedance i s  a  s e n s i t i v e  and u s e f u l  in d e x  o f  a  s te n o s i s  
i n  th e  model and i t  seems l i k e l y  to  be e q u a l ly  u s e f u l  f o r  th e  a sse ssm e n t 
o f  c i r c u l a t o r y  im pairm en t i n  p a t i e n t s .
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Chapter 5#
MEASUREMENTS OF IMPEDANCE IN PATIENTS UNDERGOING VASCULAR SURGERY
There i s  no page 214 j
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T here i s  a  h ig h  in c id e n c e  o f  f a i l u r e  in  o p e ra t io n s  f o r  o c c lu s iv e  
v a s c u la r  d is e a s e  o f  th e  le g  and th e  m a jo r i ty  o f  th o se  t h a t  f a i l  do so 
w ith in  th e  im m ediate p o s to p e r a t iv e  p e r io d .  Our h y p o th e s is  was t h a t  i f  
p a t i e n t s  were s e le c te d  w ith  p a r t i c u l a r  a t t e n t i o n  b e in g  p a id  to  th e  
p re s e n c e  o f  an a d e q u a te  p u l s a t i l e  " in f lo w 11 th e n  f a i l u r e s  would be due 
to  an u n s u i ta b le  g r a f t  o r  to  p rob lem s in  th e  d i s t a l  c i r c u l a t i o n ,  " ru n  o f f " .  
We w ished to  d e te rm in e  w hether h y d r a u l ic  im pedance was a  p a ra m e te r  w ith  
haemodynamic s ig n i f i c a n c e  which m igh t d e s c r ib e  th e  p e r ip h e r a l  c i r c u l a t i o n .
A s tu d y  o f  h y d r a u l ic  im pedance in  p a t i e n t s  underg o in g  s u r g ic a l  
r e c o n s t r u c t io n  o f  th e  s u p e r f i c i a l  fem o ra l a r t e r y  was u n d e rta k e n  in  an 
a t te m p t to  answ er th e  fo llo w in g  q u e s t io n s :
1 . I s  th e  im pedance c£ a  le g  w ith  an o b s t r u c t io n  in  th e  main a r t e r y  
g r e a t e r  th a n  norm al?
2 . Does r e c o n s t r u c t iv e  su rg e ry  re d u c e  th e  im pedance ?
3 . I s  r e d u c t io n  in  im pedance r e l a t e d  to  th e  c l i n i c a l  su c c e s s  o f  th e  
o p e r a t io n  ?
4 . I s  i t  p o s s ib le  to  p r e d i c t  th e  c l i n i c a l  r e s u l t  from  im pedance 
m easurem ents, in  p a r t i c u l a r  can i t  be p r e d ic te d  b e fo re  r e c o n s t r u c t io n  
i s  perfo rm ed  ?
5 . Does th e  im pedance m easured in  th e  p o p l i t e a l  a r t e r y  a f f e c t  c l i n i c a l  
outcom e ?
6 . I s  th e  lo n g i tu d in a l  im pedance o f  th e  g r a f t  r e l a t e d  to  th e  outcom e ?
7 . Does th e  b lood  v i s c o s i t y  a f f e c t  im pedance m easurem ents ?
2 1 6
The p a t i e n t s  were a d m itte d  to  th e  P r o f e s s o r i a l  S u rg ic a l  U n it 
in  th e  U n iv e r s i ty  H o s p ita l  o f  South M anchester under th e  c a re  o f  Mr D. 
C h a rle sw o rth , M .D ., F .R .C .S . The need  f o r  s u rg e ry  and th e  ty p e  o f  
o p e ra t io n  perfo rm ed  were d e te rm in ed  on th e  b a s is  o f  symptoms and c l i n i c a l  
e x am in a tio n . A ll  th e  p a t i e n t s  had  a r t e r i o s c l e r o s i s  and d i r e c t  su rg e ry  
was co n s id e re d  to  be th e  o n ly  means o f  r e l i e v i n g  th e  symptoms.
W hile t h i s  s tu d y  was b e in g  p erfo rm ed  a  p a r a l l e l  s tu d y  o f  p u l s a t i l e  
f lo w  in  a r t e r i a l  d is e a s e  u s in g  D oppler s h i f t e d  u l t r a s o u n d  was c a r r i e d  
o u t ( H a r r i s ,  1 9 7 4 ). T h is  work su g g e s te d  t h a t  p a t i e n t s  w ith  ad eq u a te  
" in - f lo w "  m ig h t be s e le c te d  by means o f  a p u l s a t i l i t y  in d e x  ( P . I . ) .
The s h i f t  i n  fre q u e n c y  o f  a  beam o f  u lt r a s o u n d  r e f l e c t e d  from  th e  moving 
re d  c e l l s  i s  p r o p o r t io n a l  to  t h e i r  v e l o c i ty  and by s e le c t io n  o f  th e  
u ltra s o u n d  fre q u e n c y , t h i s  s h i f t  may be b ro u g h t in to  th e  a u d ib le  ra n g e .
The v a r i a t i o n  o f  t h i s  a u d ib le  fre q u e n c y  w ith  th e  p u ls e  c y c le ,  and hence 
w ith  tim e , may be p lo t t e d  in  th e  form  o f  a so n ag rap h , f ig u r e  (8 6 ) ,  which 
may a ls o  be r e p r e s e n te d  by th e  maximum freq u en cy  e n v e lo p e , f ig u r e  (8 7 ) .
The P u l s a t i l i t y  Index  ( P . I . )  i s  th e  r a t i o  o f  th e  p eak  to  p eak  h e ig h t  o f  
t h i s  envelope  .to th e  mean l e v e l  and i s  r e l a t e d  to  th e  c o n d i t io n  o f  
th e  a r t e r i a l  p a th  p ro x im a l to  th e  m easu rin g  s i t e  (H a r r is  e t  a l ,  1974).
I t  was found th a t  low  p u l s a t i l i t y  in  th e  fem o ra l a r t e r y  was in d i c a t i v e  o f  
s i g n i f i c a n t  p ro x im al d is e a s e  and hence poo r in f lo w  to  th e  common fem o ra l 
a r t e r y .  The su c c e ss  o f  r e c o n s t r u c t iv e  s u rg e ry  i s  r e l a t e d  to  th e  P . I .  in  
th e  fem o ra l a r t e r y  (C h a rle sw o rth  e t  a l ,  1975b). A P . I .  o f  l e s s  th a n  4 .0  
s u g g e s ts  an in f lo w  in a d e q u a te  f o r  a s u c c e s s fu l  d i s t a l  r e c o n s t r u c t io n .
f
When th e se  r e s u l t s  became a v a i la b l e  o n ly  p a t i e n t s  whose P . I .  in  th e  
fem o ra l a r t e r y  o f  th e  a f f e c te d  lim b was g r e a t e r  th a n  4 were c o n s id e re d  f o r  
r e c o n s t r u c t io n  o f  th e  a r t e r i e s  in  th e  le g .  The p a t i e n t s  s tu d ie d  b e fo re  
O ctober 1973 we r e  n o t  s e le c te d  f o r  su rg e ry  on th e  b a s i s  o f  an ad eq u a te  
P . I .  in  th e  common fem o ra l a r t e r y .  Where n e c e s s a ry  t h i s  d i f f e r e n c e  i s  
r e f e r r e d  to  in  th e  t e x t .
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/F ig . (86) A sonagram o b ta in e d  from  th e  common fem o ra l a r t e r y  
o f  a h e a l th y  young man.
The ECG s ig n a l  re c o rd e d  s im u lta n e o u s ly  and im posed 
on a c a r r i e r  freq u en cy  can a ls o  be se e n . I t  i s  
used to  d e f in e  th e  p u ls e  c y c le .
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F ig . ( 87) Schem atic p r e s e n ta t io n  o f  th e  sonagram o f  
f ig u r e  (8 6 ) .
The r e p r e s e n ta t io n  o f  th e  r e v e r s e  'f lo w  and th e  
d e r iv a t io n  o f  th e  P u l s a t i l i t y  Index  ( P . I . )  a re  
shown.
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In  a  group o f  25 p a t i e n t s ,  p r e s s u r e  and flo w  were m easured in  th e  
common fem o ra l a r t e r y  d u r in g  r e c o n s t r u c t iv e  v a s c u la r  su rg e ry  f o r  b lo ck ag e  
o f  th e  s u p e r f i c i a l  fem o ra l a r t e r y .  The p a t i e n t s  were a l l  a n a e s th e t i s e d  
and th e  te c h n iq u e  o f  a n a e s th e s ia  was common to  e v e ry  p a t i e n t .
M easurem ents were made bo th  b e fo re  and a f t e r  th e  r e c o n s t r u c t io n .  The 
te c h n iq u e  o f  g r a f t i n g  was a s  un ifo rm  a s  p o s s ib le ,  A ppendix ( 8 ) .
M easurem ents were a ls o  made in  fo u r  p a t i e n t s  w ith  norm al a r t e r i e s ,  when 
th e  fem o ra l a r t e r y  was exposed in  th e  co u rse  o f  a T re n d e le n b e rg  o p e r a t io n .  
The m easu ring  system s have p r e v io u s ly  been d e s c r ib e d  in  C h ap te r 2 . ■ .
Method
The p r e s s u r e  t r a n s d u c e r  and manometer were c a l ib r a t e d  a g a in s t  a 
column o f  m ercury  b e fo re  e n te r in g  th e  t h e a t r e .  The t r a n s d u c e r  p a r t s  were 
th e n  s t e r i l i z e d .  The d e te rm in a tio n  o f  th e  dynam ic re sp o n s e  o f  t h i s  
system  i s  d e s c r ib e d  in  C hap ter 2 . They were assem bled  by th e  su rgeon  
under s t e r i l e  c o n d i t io n s  and mounted in  a b ra c k e t  f i t t e d  to  th e  o p e ra t in g  
t a b l e .  A s ta n d a rd .n e e d le  (B rau n u la  L uer, s iz e  1, G15) from  a  s t e r i l e  
pack  was f i t t e d  to  th e  end o f  th e  c a t h e t e r .  The system  was th e n  f i l l e d  w ith  
s t e r i l e  h e p a r in iz e d  s a l i n e  (5000 I .U ./5 0 0  m l) .  The s a l i n e  came in  s e a le d  
b o t t l e s  which had been r e c e n t ly  b o i le d .  T h is  red u ced  th e  number o f  b u b b le s  
e n te r in g  th e  sy stem .
A ran g e  o f  c u f f  ty p e  e le c tro m a g n e tic  f lo w  p ro b e s  w ere p r e - c a l i b r a t e d  
in  th e  la b o ra to r y  a s  d e s c r ib e d  in  C hap ter 2 . They were s t e r i l i z e d  by steam  
a u to c la v e  th e n  th e  h eads  were l e f t  to  soak  in  s t e r i l e  s a l i n e  t i l l  
r e q u i t e d .  The a p p a ra tu s  was connec ted  a s  shown in  f i g u r e  (88) and 
s c h e m a tic a lly  in  f ig u r e  (8 9 ) .  The t r i g g e r  f o r  th e  s ig n a l  a v e ra g in g  
system  was d e r iv e d  from  th e  o u tp u t  o f  th e  a n a e s t h e t i s t ’ s E .C .G . m o n ito r .
The p r e s s u re  manometer was s e t  to  th e  0 - 1 0 0  mmHg ra n g e  and co nnec ted  
by ja c k p lu g s  to  one ch an n e l o f  th e  c h a r t  r e c o r d e r .  W ith th e  tr a n s d u c e r  
co n n ec ted  th e  manometer was zeroed  and th e  g a in  a d ju s te d  so t h a t  th e
F ig .  (88)  The a p p a r a tu s  u sed  i n i t i a l l y  f o r  m easu rem en ts  on 
p a t i e n t s  a t  o p e r a t i o n .
The a v e r a g in g  sy s tem  and i t s  d i s p l a y  a r e  shown 
( c e n t r e  r i g h t ) .  The d a t a  i s  o u t p u t  on th e  t e l e t y p e  
( f a r  r i g h t ) .
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F i g .  ( 89) B lock  d iag ra .n  o f  a p p a r a t u s  u sed  f o r  m easu rem en ts  
made a t  o p e r a t i o n  on p a t i e n t s  i n  e a r l y  s t u d i e s .  
Only two s i g n a l s  can be r e c o r d e d  s i m u l t a n e o u s l y .
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to  100 mmHg). The c h a r t  r e c o r d e r  g a in  was th e n  a d ju s te d  to  g iv e  2 cm ‘
d e f l e c t i o n  f o r  th e  100 mmHg c a l i b r a t i o n  s ig n a l  so t h a t  1 mm on th e
c h a r t  = 5 mmHg.
The flow m eter o u tp u t was c a l ib r a t e d  in  a  s im i la r  manner* In  th e  
” c a l ib r a t e "  s e t t i n g  w ith  th e  m agnet c i r c u i t  o f f  th e  m e te r  was s e t  to  
zero*  By s w itc h in g  th e  m agnet c i r c u i t  on a  f u l l  s c a le  v a lu e  s ig n a l  
i s  o u tp u t .  The p u l s a t i l e  o u tp u t  o f  th e  flow m eter was co n n ec ted  to  one 
c h a n n e l o f  th e  c h a r t  r e c o rd e r  and th e  r e c o rd e r  g a in  a d ju s te d  to  g iv e  
3 cm d e f l e c t i o n  f o r  ze ro  to  f u l l  s c a le  v a lu e ,  s in c e  th e  s e n s i t i v i t y  o f  
m ost o f  th e  c u f f  p ro b e s  was d e te rm in e d  assum ing a  f u l l  s c a le  v a lu e  o f  
300 m l/m in . 1 mm on th e  c h a r t  was th e n  e q u iv a le n t  to  10 m l/m in  when th e
ra n g e  s e le c te d  was x 1* The 50 Hz f i l t e r  was s e le c te d .  The c h a r t  r e c o rd e r
o u tp u t  was connec ted  to  a  l a r g e  lo n g  p e r s i s t a n c e  o s c i l lo s c o p e  so t h a t  
th e  su rgeon  cou ld  o b se rv e  th e  s ig n a ls*
C a l ib r a t io n  o f  th e  a v e ra g in g  system  was a ls o  perform ed* With th e  
p r e s s u r e  manometer and flow m eter re a d in g  zero  th e  d*c* l e v e l s  on th e  
a v e ra g e r  in p u t  were o f f s e t  to  g iv e  ap p ro x im a te ly  ze ro  r e a d in g .  The 
s ig n a l s  were th en  sam pled f o r  16 sweeps w ith  th e  s u b t r a c t  b u t to n  d ep ressed *  
The f i r s t  q u a r te r  o f  th e  memory th e n  c o n ta in e d  th e  n e g a t iv e  o f  16 sweeps o f  
th e  p r e s s u r e  s ig n a l  and th e  second q u a r te r  th e  s im i la r  f lo w  s ig n a l .
F u l l  s c a le  d e f l e c t i o n s  o f  th e  two m e te rs  were th e n  o b ta in e d  and a  f u r t h e r  
16 sweeps added to  th e  ze ro  v a lu e s  h e ld  in  th e  f i r s t  h a l f  memory. The 
f i r s t  q u a r te r  o f  th e  memory th e n  h e ld  th e  e q u iv a le n t  o f  16 sweeps o f  a 
f u l l  s c a le  s ig n a l  o f  p r e s s u r e  and th e  second q u a r te r  th e  same f o r  f lo w . 
T hese v a lu e s  were d is p la y e d  in  d i g i t a l  form  and n o te d  f o r  u se  in  
c o n v e r t in g  su b se q u en t a v e ra g e r  o u tp u t v a lu e s  to  mmHg and ml/mln .  The 
memory was th e n  c le a r e d .
The common fem o ra l a r t e r y  o f  th e  a f f e c te d  le g  was exposed and th e  
su rgeon  th en  chose a  f lo w  p ro b e  which gave a  f irm  b u t  n o t  c o n s t r i c t i n g  
f i t  on th e  a r t e r y .  The f lo w  p ro b e  code number was checked and th e
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f i t t e d  to  th e  a r t e r y  i t  rem ained  in  th e  same p la c e  th ro u g h o u t th e  o p e r a t io n .  
The m agnet su p p ly  was sw itch ed  on and th e  c h a r t  r e c o rd  s t a r t e d  a t  5 m m /sec. 
The flow m eter ran g e  was s e le c te d  a s  a p p ro p r ia te  and c h a r t  and o s c i l lo s c o p e  
o b se rv ed  to  e n su re  an a d eq u a te  d i s p la y .  Zero l e v e l  f o r  th e  p r e s s u r e  
s ig n a l  was o b ta in e d  by h o ld in g  th e  n e e d le  c lo s e  to  th e  a r t e r y .  Flow 
ze ro  was o b ta in e d  s im u lta n e o u s ly  by o c c lu d in g  th e  a r t e r y  w ith  a  clam p.
The manometer and flow m eter were th e n  s e t  to  ze ro  and th e s e  s ig n a l s  
sam pled by th e  a v e ra g in g  sy stem . S ix te e n  sweeps were ta k e n  a t  ab o u t 
100 sam ples p e r  c a rd ia c  c y c le  and s to r e d  in  th e  f i r s t  two q u a r te r s  o f  
th e  memory.
The clamp was r e le a s e d  and th e  p r e s s u r e  n e e d le  in s e r t e d  in to  th e  a r t e r y  
n o t  more th an  2 cm dow nstream  o f  th e  f lo w  p ro b e . The p r e s s u r e  and flo w  
t r a c e s  were o b se rv ed  on th e  o s c i l lo s c o p e  and th e  c h a r t  r e c o rd  ru n  a t  
25 m m /sec. When s t a b l e  th e  s ig n a l s  were sam pled in to  th e  t h i r d  and f o u r th  
q u a r te r s  o f  th e  a v e ra g e r  memory. The p r e s s u r e  n e e d le  was removed and 
th e  c h a r t  ru n  a t  5 mm /sec. P re s su re  and f lo w  z e ro s  were p roduced  a s  
b e fo re  and re c o rd e d  on th e  c h a r t  r e c o rd .
The a v e ra g e r  was used  to  s u b t r a c t  th e  f i r s t  h a l f  o f  th e  memory 
(z e ro  le v e l s )  from  th e  second h a l f  ( p u l s a t i l e  w aveform s) to  c o r r e c t  f o r  
ze ro  l e v e l  and any b a s e l in e  d r i f t .  The r e s u l t s  a t  each s ta g e  in  t h i s  p ro c e s s  
co u ld  be view ed in  e i t h e r  ana lo g u e  o r  d i g i t a l  form  on th e  a t ta c h e d  
d i s p la y .  F in a l ly  th e  c o n te n ts  o f  th e  memory c o n ta in in g  th e  c o r r e c te d  
s ig n a l s  were p r in t e d  o u t and punched on to  p a p e r  ta p e  v ia  th e  t e l e t y p e .
On co m p le tio n  o f  th e  r e c o n s t r u c t io n  th e  p ro c e d u re  was r e p e a te d .  The 
memory cou ld  be d iv id e d  in to  fo u r  p a r t s  b u t d u r in g  th e  e a r ly  s tu d ie s  o n ly  
two in p u t  c h an n e ls  were a v a i la b le  so t h a t  o n ly  a  s in g le  p r e s s u r e  and a  
s in g le  flo w  co u ld  be re c o rd e d  a t  one tim e . The o u tp u t  from  th e  memory 
v ia  th e  t e le ty p e  was ex tre m e ly  n o is y  in  th e  o p e ra t in g  th e a t r e  and i t  was 
s low , ta k in g  approxim ately*  seven  m in u te s  to  punch o u t two q u a r te r s  o f  • 
th e  memory. T h is  m eant t h a t  when one m easurem ent had been  made, f i l l i n g
F o u r ie r  s e r i e s  a n a ly s i s  to  te n  harm onics o f  th e  c a rd ia c  c y c le  was 
perfo rm ed  on th e  re c o rd e d  waves w ith  a  F o r tr a n  program  ru n  on a sm a ll 
la b o ra to r y  com puter system  (Nova 820, D ata G enera l C o rp o ra tio n ) ,  The 
im pedance m odulus and p h ase  were d e r iv e d  from th e  F o u r ie r  com ponents 
by d iv id in g  th e  p r e s s u r e  modulus a t  each harm onic by th e  a p p r o p r ia te  
f lo w  modulus and s u b t r a c t in g  th e  p h a se s  (C h ap te r 1 ) .
When fo u r  c h an n e ls  o f  in p u t  became a v a i la b le  s e v e ra l  v a lu e s  were 
c a lc u la te d  from each s e t  o f  d a ta  and a  more com prehensive program  was 
w r i t t e n  f o r  th e  a n a l y s i s .  The program  and d e t a i l s  o f  i t s  o p e ra t io n  a re  
p re s e n te d  in  A ppendix (9)»  I t  was ru n  on th e  la b o ra to r y  com puter system  
shown in  f ig u r e  (9 0 ) .  The d a ta  ta p e s  were lo ad ed  from  th e  ta p e  re a d e r  
in to  f i l e s  on th e  d is k  under a  name s p e c ify in g  th e  p a t i e n t  and th e  ty p e  
o f  m easurem ent (p ro fu n d a  open o r  c lo se d  e t c . ) .  E d i t in g  o f  th e  d a ta  f i l e s  
cou ld  be perfo rm ed  w ith  th e  a id  o f  a  system  program  p ro v id e d . A n a ly s is  
re q u ire m e n ts  eg . c a l i b r a t i o n  c o n s ta n ts ,  le n g th  o f  c a rd ia c  c y c le ,  a re  
g iv en  to  th e  program  on c o n so le  r e q u e s t .  The o u tp u t ,  in c lu d in g  a  copy 
o f  th e  d a ta  i f  r e q u i r e d ,  appea red  on th e  l i n e  p r i n t e r .  C onsole c o n t ro l -  
was v ia  a d is k  b ased  o p e ra t in g  system , RDOS.
A f te r  p ro c e s s in g  th e  d a ta  was s to r e d  on th e  d i s k .  About 30 m in u te s  
weie r e q u ir e d  fo r  in p u t ,  e d i t in g  and a n a ly s i s  o f  a  com plete  s e t  o f  
p a t i e n t  d a ta .
The f ig u r e s  o b ta in e d  f o r  f lo w  and p r e s s u r e  s ig n a l s  were co n v e rte d  
to  m l/n in  and mmHg u s in g  th e  c a l ib r a t io n - c o n s ta n t s  o f  th e  a v e ra g in g  
sy stem . v
Flow in  m l/m in was d e r iv e d  th u s ,
i f  f u l l  s c a le  d e f l e c t i o n  c a l ib r a t i o n  gave X c o u n ts  in  th e  memory 
th e n  X co u n ts  = F u l l  s c a le  v a lu e  f o r  th e  p ro b e  x ra n g e  f a c t o r  used  
(m l/m in)
rv»l I .th en  1 coun t =       J
A
th e r e f o r e  flo w  m easured = Q co u n ts  m easured x FSV» Isr rv\\ j »v\»Vv
X
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F ig . (90) B lock diagram o f  computer system  used fo r  
a n a ly s is  o f  data from p a t ie n t s .
i f  F .S .D . .c a l i b r a t i o n  gave Y co u n ts  
th e n  Y co u n ts  = 1 0 0  mmHg 
th e n  1 co u n t = to o
y
th e r e f o r e  p r e s s u re  = P c o u n ts  m easured x lOO. mr*>H
Y
Impedance v a lu e s  were d e r iv e d  from
\ z . \ ~
i f  th e  p r e s s u r e  and flo w  m oduli a r e  g iv en  in  co u n ts  th e n ,
7L I mrwHq-mr'.Vvu’rx „ If! C.g>U,»vfs X lOQ K 
' ‘ )Q |  c 6>u.rvV» x .Y k FSVx £ F
i.e. |*2. | * j Pc. I x cons'fBu'vh.
J q A
In  o rd e r  to  av e rag e  im pedance v a lu e s  a t  th e  same f r e q u e n c ie s  f o r  a l l
p a t i e n t s  s t r a i g h t  l i n e  i n t e r p o la t i o n  betw een harm onics was assum ed.
The v a lu e s  a t  th e  in t e r p o la t e d  f re q u e n c ie s  were used  to  c a l c u la t e
th e  a r i th m e t ic  mean and s ta n d a rd  d e v ia t io n s  o f  g roups o f  p a t i e n t s  a t
-1th e  in te g e r  f re q u e n c ie s  2 to  10 Hz. Though im pedance in  mmHg.ml • min 
was c a lc u la te d  -by th e  program  i t  was s t i l l  n e c e s s a ry  to  draw  g rap h s  o f  
th e  r e s u l t s  by h and .
R e s u lts
Normal im pedance
The a v e ra g e  age o f  th e  norm al s u b je c t s  was 37*5 y e a r s .  P re s s u re  and 
flo w  waves re c o rd e d  from th e  common fem o ra l a r t e r y  o f  one o f  th e  norm al
s u b je c ts  a re  shown in  f ig u r e  (91 )•  In  o n ly  one o f  th e  fo u r  norm al
p a t i e n t s  was th e  p r e s s u r e  am p litu d e  s i g n i f i c a n t  a t  8 Hz. The mean in p u t
im pedance i s  shown in  f ig u r e  (9 2 ) .  The m odulus a t  1 Hz i s  a p p ro x im a te ly
14% o f  th e  r e s i s t a n c e .  A f u r th e r  f a l l  o c c u rs  to  2 Hz b u t  betw een 2 
and 7 Hz th e  modulus i s  f l a t .  The m odulus shown f o r  8 and 9 Hz i s  from  
a s in g le  s e t  o f  d a t a .  The p h ase  i s  a lm o st c o n s ta n t  a t  - 6 0 ° .
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F ig . (91 ) P re s su re  and flo w  waveforms re c o rd e d  from th e  common 
fem o ra l a r t e r y  o f  an asym ptom atic  s u b je c t .
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F ig . (92) Mean modulus and p hase  o f  im pedance m easured in  th e  
fem ora l a r t e r y  o f  fo u r  asym ptom atic  s u b je c t s .  
Modulus i s  shown in  b o th  c l i n i c a l  u n i t s ,
_ -J
mmHg.ml «min ( l e f t  hand a x is )  and e . g . s .  u n i t s ,  
d y n e .s .cm  ( r i g h t  hand a x i s ) .  For 8 and 9Hz 
d a ta  was s i g n i f i c a n t  f o r  o n ly  one s u b je c t  
(d o t te d  l i n e s ) .  E rro r  b a rs  shown a re  + 2 x 
S tan d ard  E rro r  on th e  Mean.
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The mean in p u t im pedance o f  a l l  p a t i e n t s  b e fo re  r e c o n s t r u c t io n  i s  
compared w ith  t h a t  o f  th e  n o rm als  in  f ig u r e  (9 3 ) .  There was a  h ig h ly  
s i g n i f i c a n t  d i f f e r e n c e  betw een th e  mean m o d u li, P < ,0 .0 0 1 ,  and th e  
mean p h a se s  P = 0 .0 0 1 , ( S tu d e n t 's  ' t '  t e s t ,  p a i r e d  sa m p le s ).
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F ig . (93) Mean fem o ra l im pedance in  p a t i e n t s  m easured
b e fo re  r e c o n s t r u c t io n  (x ) and in  asym ptom atic  
s u b je c ts  ( •  ) •
Comparison o f  mean v a lu e s  u s in g  S tu d e n t’ s p a i r e d  
*t '  t e s t  g iv e s
p 0.001 f o r  am p litu d e  
P < 0 .0 5  f o r  phase  
E rro r  b a rs  shown a re  + 2 x S.E.O.M .
/
/
2 3 1
urie px-oxurxaa x a a u r i s  cm -ex-y
P a t i e n t s  were s e le c te d  fo r  su rg e ry  on c l i n i c a l  g rounds a s  b e fo re .
Only th o se  p a t i e n t s  in  whom th e  D oppler p u l s a t i l i t y  in d e x  ( P . I . )
m easured on th e  common fem o ra l a r t e r y  exceeded  4 were in c lu d e d . P re s su re  
and f lo w  waves were re c o rd e d  b e fo re  and a f t e r  o p e ra t io n  in  15 p a t i e n t s .  
M easurem ents were a ls o  made w ith  th e  p ro fu n d a  a r t e r y  clamped o f f .  Two
p a t i e n t s  were exc luded  from  th e  a n a ly s i s  becau se  o f  c l i n i c a l
c o m p lic a tio n s  unconnec ted  w ith  t h i s  s tu d y .
Method
For th e  m easurem ents in  t h i s  e x p e rim en t, o u tp u t from  th e  memory 
was a l t e r e d  so t h a t  d a ta  was t r a n s f e r r e d  to  a  d i g i t a l  m a g n e tic  ta p e  
in s te a d  o f  th e  t e l e ty p e ,  f ig u r e  (94) and s c h e m a tic a l ly  in  f ig u r e  (95)*
Not o n ly  was t h i s  a  n o is e  f r e e  p ro c e d u re  b u t i t  was a ch iev ed  in  ab o u t 
1 second . S e v e ra l m easurem ents cou ld  th e n  be made in  q u ick  s u c c e s s io n  
w ith  a  minimum o f  i n t e r f e r e n c e  to  th e  th e a t r e  s t a f f  o r  th e  o p e r a t iv e  
p ro c e d u re . D ata was l a t e r  t r a n s f e r r e d  to  p a p e r  ta p e  in  th e  la b o r a to r y .
P re p a ra t io n  and c a l ib r a t i o n  p ro c e d u re s  were th e  same a s  f o r  
E ^ e r im e n t  1 • When p re s s u re  and f lo w  were ze ro  th e  m e te rs  w ere s e t  to  
ze ro  and t h e i r  o u tp u ts  sam pled in to  th e  memory. The c o n te n ts  o f  th e  
memory (z e ro  l e v e l  s ig n a l s )  was th e n  t r a n s f e r r e d  to  th e  m a g n e tic  ta p e  
by s e t t i n g  th e  p a t i e n t ’ s code number on th e  c o u p le r  thumb sw itc h e s  and 
p r e s s in g  a  t r a n s f e r  key . A f te r  each b lo c k  o f  d a ta  t r a n s f e r r e d  in  t h i s  
way a gap was a ls o  w r i t t e n  on th e  ta p e .  A r e - r e a d  o p e ra t io n  was th e n  
perfo rm ed  to  check th a t  th e  d a ta  had been t r a n s f e r r e d  c o r r e c t l y .  The 
whole p ro c e d u re  cou ld  be com pleted  in  one m in u te .
The memory was th en  c le a re d  and r e c o rd in g s  o f  th e  w aveforms made and 
th e  r e s u l t s  t r a n s f e r r e d  to  th e  m a g n e tic  ta p e .  A n a ly s is  was perfo rm ed  
on th e  com puter a s  b e fo re .
R e s u lts
There was a  h ig h ly  s i g n i f i c a n t  d i f f e r e n c e  in  mean im pedance betw een
2 3 2
F i g .  (94)  The a p p a r a t u s  used  f o r  l a t e r  m easu rem en ts  on p a t i e n t s  
a t  o p e r a t i o n .
The t e l e t y p e  o u t p u t  i s  r e p l a c e d  by a d i g i t a l  m a g n e t ic  
t a p e  (b o tto m  r i g h t )  s im p ly  c o n t r o l l e d  by a t a p e  c o u p le r  
( to p  r i g h t ) .
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F ig . (95)
AVERAG ING  
“  SYSTEM
D ISPLA Y D ISPLA Y
CH A R T
RECORD
M EASURE
SYSTEM
E .C .G . TR IG G ER  “  IN P U T  SIGNALS
P A T IE N T
B lock d iagram  o f  a p p a ra tu s  used f o r  m easurem ents 
made a t  o p e ra t io n  on p a t i e n t s  in  l a t e r  s tu d i e s .  
Four s ig n a l s  can be re c o rd e d  s im u lta n e o u s ly .
2 3 4
S tu d e n t 's  ' t '  t e s t  p a i r e d  sam ples) a s  in  E xperim ent 1._ T here was a ls o  
a  h ig h ly  s i g n i f i c a n t  d i f f e r e n c e  betw een p a t i e n t s  w ith  th e  p ro fu n d a  fe m o ris  
a r t e r y  open and p a t i e n t s  w ith  th e  a r t e r y  clam ped, (p <> 0 .0 0 1 ) ,  f ig u r e  (9 6 ) .
The im pedance m easured w ith  th e  p ro fu n d a  fe m o ris  a r t e r y  clamped 
showed a  h ig h ly  s i g n i f i c a n t  r e d u c t io n  a f t e r  a b y p ass  p ro c e d u re , f ig u r e  (97)* 
The s ta n d a rd  e r r o r s  on th e  mean im pedances were a l s o  g r e a t ly  re d u c e d .
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F ig . (96) Mean fem o ra l im pedance m easured b e fo re  r e c o n s t r u c t io n  
in  a l l  p a t i e n t s  h av in g  a v e in  b ypass  g r a f t .
O m easured w ith  p ro fu n d a  open
* m easured w ith  p ro fu n d a  clamped^
* asym ptom atic  s u b je c ts
Comparison o f  mean v a lu e s  u s in g  S tu d e n t’ s p a i r e d  
’ t ’ t e s t  g iv e s
p<  0.001 p ro fu n d a  open w ith  asym ptom atic  s u b je c t s  
p ^  0.001 p ro fu n d a  clamped w ith  asym ptom atic  s u b je c t s  
p 4  0.001 p ro fu n d a  open w ith  p ro fu n d a  clamped 
E rro r  b a rs  shown a re  2 x S . E . 0 . M .
2 3 6
2 4 6 8
. FREQUENCY ( H z )
F ig . (97) Mean modulus o f  im pedance in  a l l  p a t i e n t s  h av in g  
a v e in  byp ass  g r a f t ,  m easured w ith  th e  p ro fu n d a  
c lo s e d .
K b e fo re  r e c o n s t r u c t io n  
O a f t e r  r e c o n s t r u c t io n  
o  asym ptom atic  s u b je c ts -  
Comparison o f  mean v a lu e s  b e fo re  and a f t e r  u s in g  
S tu d e n t 's  p a i r e d  ' t '  t e s t  g iv e s  p < 0 .0 0 1 .
When fo u r  in p u t  ch a n n e ls  become a v a i la b le  on th e  a v e ra g in g  system  
i t  was p o s s ib le  to  re c o rd  p r e s s u r e  and flo w  waves s im u lta n e o u s ly  from  
two s i t e s .  W hile m easu rin g  p r e s s u r e  and f lo w  in .  th e  common fem o ra l 
a r t e r y  m easurem ents were a ls o  made in- th e  p o p l i t e a l  a r t e r y  in  o rd e r  to  
m easure th e  im pedance o f  th e  a r t e r i e s  d i s t a l  to  th e  knee j o i n t .  I t  
was common f o r  th e  p o p l i t e a l  a r t e r y  to  be so d is e a s e d  t h a t  i t  was im p o ss ib le  
to  f i t  a  s u i t a b le  f lo w  p ro b e  o r  to  f in d  th e  lumen o f  th e  a r t e r y  w ith  th e  
p r e s s u re  n e e d le .  As a  consequence m easurem ent o f  p o p l i t e a l  o r  " ru n  o f f "  
im pedance was o n ly  ach iev ed  in  11 p a t i e n t s  u n d erg o in g  v e in  b y p ass  
g r a f t i n g .  E ig h t had s u c c e s s fu l  g r a f t s  and in  th r e e  th e  p ro c e d u re  was a 
f a i l u r e .  P ro ced u res  and a n a ly s i s  were a s  in  th e  p re v io u s  e x p e r im e n ts . 
R e s u lts
The im pedance in  th e  p o p l i t e a l  a r t e r y  i s  ab o u t fo u r  tim es  t h a t  
m easured in  th e  common fem o ra l a r t e r y ,  f ig u r e  (9 8 ) .
There was no s i g n i f i c a n t  change in  mean im pedance a f t e r  
r e c o n s t r u c t io n  and no d i f f e r e n c e  betw een su c c e s se s  and f a i l u r e s  b e fo re  
r e c o n s t r u c t io n .  The in p u t  im pedance in  th e  p o p l i t e a l  a r t e r y  a f t e r  
r e c o n s t r u c t io n  i s  shown f o r  su c c e s s e s  and f a i l u r e s  in  f ig u r e  (9 9 ) .
Below 8 Hz th e  d i f f e r e n c e  a t  any fre q u e n c y  was n o t  s i g n i f i c a n t .  The 
peak  o c c u r r in g  in  th e  f a i l u r e s  a t  h ig h e r  f r e q u e n c ie s  i s  s i g n i f i c a n t l y  
d i f f e r e n t  from th e  s u c c e sse s  o n ly  a t  th e  5% l e v e l  (u n p a ire d  S tu d e n t 's  
' t '  t e s t ) .
2 3 8
MO
DU
LU
S 
OF 
IM
PE
DA
NC
E 
(m
m 
Hg
. m
l ~
l m
in) 1.6
1.2
0.8
0 .4 -
2 4 6
FREQUENCY ( H z )
r 120
■80
"i
10
LOI
CO
aSzz
•o
40
F ig . (98) The mean modulus o f  im pedance m easured in  th e  
p o p l i t e a l  a r t e r y .
X b e fo re  r e c o n s t r u c t io n  
O a f t e r  r e c o n s t r u c t io n
The d i f f e r e n c e  in  th e  c u rv e s  i s  s i g n i f i c a n t  o n ly  
a t  th e  3 , 4 and 5 Hz p o in t s .
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F ig . (99) The mean modulus o f  im pedance m easured in  th e  
p o p l i t e a l  a r t e r y  a f t e r  r e c o n s t r u c t io n .
X s u c c e s s fu l  c a se s  
O u n s u c c e s s fu l c a se s
The d if fe r e n c e  in  the curves i s  n ot s ig n i f ic a n t  
a t  freq u en c ie s  below 8 Hz.
2 4 0
The lo n g i tu d in a l  im pedance o f  a segm ent o f  a v e s s e l  i s  ,the  r a t i o  
o f  th e  p r e s s u r e  g r a d ie n t  o v e r th e  le n g th  to  th e  flo w  in  th e  segm ent.
In  a r t e r i e s  th e  lo n g i tu d in a l  im pedance changes o v e r s h o r t  d is ta n c e s  
due to  th e  n o n -u n ifo rm ity  o f  th e  system , so t h a t  i t  i s  more c o r r e c t ly  
d e s c r ib e d  a s  th e  p r e s s u r e  g r a d ie n t  a t  a  p o in t  d iv id e d  by th e  f lo w  a t  
t h a t  p o in t .
Method
In  t h i s  ex p erim en t m easurem ents o f  p r e s s u r e  were made s im u lta n e o u s ly  
a t  e i t h e r  end o f  th e  r e c o n s t r u c te d  segm ent, and flo w  was m easured a t  
th e  d i s t a l  end o f  th e  g r a f t ,  f ig u r e  (1 0 0 ) . U sing th e se  m easurem ents 
lo n g i tu d in a l  im pedance was d e r iv e d  by c a l c u la t in g  th e  d i f f e r e n c e  in  
p r e s s u r e  betw een th e  two m easu ring  s i t e s  a t  each  harm onic in  v e c to r  form  
and d iv id in g  by th e  dow nstream  flo w  harm o n ic . L o n g itu d in a l im pedance 
was c a lc u la te d  from m easurem ents in  12 s u b je c t s  a f t e r  i n s e r t i o n  o f  a  b y p ass  
g r a f t .  . In  some p a t i e n t s  when i t  was im p o ss ib le  to  m easure f lo w  and 
p re s s u re  to g e th e r  in  th e  p o p l i t e a l  a r t e r y ,  th e  f lo w  p robe  was p la c e d  on th e  
g r a f t  i t s e l f .  C a lc u la t io n s  w ere made b o th  f o r  th e  p ro fu n d a  open and 
clam ped. The a p p a ra tu s  and method were a s  d e s c r ib e d  in  p re v io u s  
e x p e rim e n ts . M easurem ents were made o f  bo th  th e  le n g th  and c irc u m fe re n c e  
o f  th e  g r a f t s  u s in g  th re a d .
R e s u lts
The mean im pedance o f  10 s u c c e s s fu l  g r a f t s  i s  shown in  f ig u r e  (1 0 1 )•  
There a p p e a rs  to  be a  r e l a t io n s h ip  betw een im pedance and fre q u e n c y  and a 
d i f f e r e n c e  when th e  p ro fu n d a  fe m o ris  a r t e r y  was c lo s e d .  The c o r r e l a t i o n  
betw een im pedance and fre q u e n c y  w ith  th e  p ro fu n d a  open was, r  = 0 .9 6 2 ,
P <  0 .0 0 1 , and w ith  th e  p ro fu n d a  clam ped, r  = 0 .9 5 8 , P <  0 .0 0 1 .
A mean v a lu e  f o r  th e  im pedance was o b ta in e d  by d iv id in g  th e  im pedance
a t  each  fre q u e n c y  by th e  f re q u e n c y , g iv in g  a  n o rm a lise d  v a lu e  Z , and/
ta k in g  th e  mean o f  th e se  v a lu e s .  T here was a  s i g n i f i c a n t  d i f f e r e n c e
1betw een v a lu e s  o f  Z w ith  th e  p ro fu n d a  open and clam ped, and mean v a lu e s
2 4 1
COMMON
FEMORAL
a r t e r y
P R E S S U R E  
T R ANSD UCE R ( p  )
p r o f u n d a
a r t e r y
S U P E R F I C I A L
f e m o r a l
a r t e r y
b y p a s s  g r a f t
P O P L I T E A L
A R T E R Y
E.M. FLOW 
P R O B E  ( Q )
P R E S S U R E  
TRANSD UCE R ( p  )
F i9 ‘ 0 0 0 )  A rr^ ™  s tu d y  o f  l o ' g i tu d in a l  ,
im pedance.
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( lO l)  Mean lo n g i tu d in a l  im pedance o f  te n  s u c c e s s fu l  
v e in  bypass g r a f t s
•  p ro fm d a  open 
X p ro fu n d a  clamped
2 4 3
1c o r r e l a t i o n  betw een th e  n o rm a lise d  im pedance te rm , Z , and th e  le n g th  
o f  th e  g r a f t  o r  i t s  c ro s s  s e c t io n a l  area*  (
The r e la t io n s h ip  betw een th e  im pedance o f  th e  g r a f t  and th e  outcome 
o f  th e  o p e ra t io n  i s  shown in  T ab le ( 19)* Due to  b io l o g ic a l  v a r i a t i o n  
betw een p a t i e n t s  th e  s ta n d a rd  d e v ia t io n  in  th e  s u c c e s s fu l  group i s  
h ig h  compared to  th e  mean, however th e  two g r a f t s  which f a i l e d  had a  much 
h ig h e r  im pedance th a n  th o se  t h a t  su cceed ed .
2 4 4
Z1 PROFUNDA OPEN Z1 PROFUNDA CLOSED
SUCCESSES 
Mean (lO )
S.D .
FAILURES
V ein ( 1 ) 0*508
P r o s th e s is  ( l )  0*466
T able ( 19) ”
1
L o n g itu d in a l im pedance n o rm a lize d  fo r  f re q u e n c y , Z , and 
r e s u l t s  o f  bypass g r a f t i n g .
0*060 
+ 0 .048 + C
.042
.040
.261
.306
2 4 5
on penpnera-L rests t-arj.ce aria .uupeuauce
Method
The e f f e c t  o f  an in f u s io n  o f  D ex tran  40 on th e  im pedance was 
in v e s t ig a te d  in  12 p a t i e n t s  in c lu d e d  in  p re v io u s  e x p e r im e n ts . A t th e  
tim e o f  th e  f i r s t  p r e s s u r e  and f lo w  m easurem ents 10 ml o f  venous b lood  
weie ta k en  from  th e  common fem o ra l v e in  a d ja c e n t  to  th e  a r t e r y .  The 
sam ple was w ithdraw n g e n t ly  to  p re v e n t  h a e m o ly s is . The n e e d le  was removed 
and th e  s y r in g e  em ptied  in to  two 5 ml b lood  co u n t b o t t l e s ,  c o n ta in in g  
EDTA a n t i - c o a g u la n t ,  and shaken g e n t ly .  One sam ple was used  f o r  
m easurem ent o f  packed c e l l  volume (PCV) on a  C o u lte r  C ounter a n a ly s e r ,  
model S . The o th e r  was used  f o r  m easurem ents o f  b lood  v i s c o s i t y .
500 ml o f  low  m o le c u la r  w eig h t D ex tran  were th e n  in fu s e d  in to  th e  
a n t e - c u b i t a l  v e in  over a p e r io d  o f  10 -  15 m in u te s  w h ile  th e  su rg eo n  
p re p a re d  th e  v e in  g r a f t .  F iv e  m in u te s  a f t e r  th e  in fu s io n  was co m p le ted , 
th e  p r e s s u r e  and flo w  waves were re c o rd e d  a g a in  and a  second sam ple o f  
venous b lood  ta k e n .
V is c o s i ty  m easurem ents were made a t  th r e e  r a t e s  o f  s h e a r  u s in g  a
c o n ic y l in d r i c a l  v isc o m e te r  (C o n trav es  Low S hear 2) a s  f o r  th e  m odel
s tu d ie s .  The p r a c t i c a l  te c h n iq u e  o f  th e s e  m easurem ents,w as d ev e lo p ed
and perfo rm ed  by my c o l le a g u e s ,  Mrs A. W alker and Mr W.V. Humphreys and
i s  r e p o r te d  e lsew h ere  (W alker e t  a l ,  1976; Humphreys, 1975)* M easurem ents
—1a t  h ig h  sh e a r  r a t e s ,  g r e a te r  th an  50s , under w hich b lo o d  v i s c o s i t y
i s  l i n e a r  a re  m ost r e le v a n t  to  i n v e s t ig a t io n s  o f  a r t e r i a l  p ro b lem s.
The v i s c o s i t y  in  t h i s  r e g io n  i s  r e f e r r e d  to  a s  th e  a sy m p to tic  v i s c o s i t y .  
R e s u lts
The packed c e l l  volume (PCV o r  h a e m a to c r i t  c o n c e n tra t io n )  d e c re a se d  
in  a l l  p a t i e n t s  a f t e r  th e  in fu s io n  o f  D ex tran  and th e  a s y m p to tic  b lood  
v i s c o s i t y  f e l l ,  T ab le  (2 0 ) .  The change in  v i s c o s i t y  was v e ry  s i g n i f i c a n t  
(p  ^ 0.01 S tu d e n t 's  ' t '  t e s t ,  p a i r e d  sa m p le s ) . S ince  th e  PCV changed in  
each p a t i e n t  flo w  re a d in g s  made a f t e r  th e  in f u s io n  were c o r r e c te d  to  
a llo w  f o r  th e  e f f e c t  o f  h a e m a to c r i t  c o n c e n tra t io n  on th e  s e n s i t i v i t y
2 4 6
PATIENT PACKED CELL CHANGE IN ASYMPTOTIC CHANGE IN
No. VOLUME (%) PCV(%) VISCOSITY (cP ) VISCOSITY (cP)
1 3 8 .9  - 4 .6  4 .0 6  -0 .2 7
2 37.1 - 3 .4  3 .2 6  -0 .2 2
, 3 38 .9  - 4 .7  3.61 -0 .3 2
4 42 .9  - 5 .5  3 .8 4  - 0 .4 4
5 3 7 .8  - 4 .0  3 .4 3  -0 .0 3
6 4 2 .6  - 8 .8  3 .7 0  - 0 .4 0
7 34 .9  - 7 .8  2 .8 5  -0 .1 4
8 3 9 .9  ' - 5 .7  3 .2 8  - 0.18
9 4 4 .4  - 7 .4  3 .6 0  -0 .4 1
10 3 7 .2  - 7 .0  3'.08 -0 .1 0
11 36 .5  - 5 .7  3 .53  -0 .2 8
<12 4 5 .4  - 6 .0  4 .0 3  - 0 .4 4
T able (20 )
The e f f e c t  o f  D ex tran  in f u s io n  on b lood  p r o p e r t i e s  o f  packed  c e l l
v i s c o s i t y .
2 4 7
(1974).
In  ev e ry  p a t i e n t  th e  p e r ip h e r a l  r e s i s t a n c e ,  th e  im pedance a t  ze ro  
f re q u e n c y , d e c re a se d  and th e  change was h ig h ly  s i g n i f i c a n t  (P  = 0 .0 0 1 ) ,
T ab le  (2 1 )•  T here was no c o r r e l a t i o n  betw een th e  f a l l  in  b lood4
v i s c o s i t y  and th e  f a l l  in  p e r ip h e r a l  r e s is ta n c e *  There was a good 
c o r r e l a t i o n  betw een th e  p e rc e n ta g e  change in  p e r ip h e r a l  r e s i s t a n c e  
and th e  i n i t i a l  r e s i s t a n c e ,  th e  h ig h e r  th e  i n i t i a l  v a lu e  th e  g r e a te r  
th e  re s p o n s e , f ig u r e  (1 0 2 ) , r  = 0*75, P <  0*01*
The im pedance d id  n o t  f a l l  in  a l l  s u b je c t s ;  in  fo u r  th e  change was 
i n s i g n i f i c a n t  and in  th r e e  th e  im pedance ro s e  s i g n i f i c a n t l y .  The mean 
change in  im pedance a t  th e  in t e g e r  f r e q u e n c ie s  was c a lc u la te d  f o r  each  
s u b je c t  and compared w ith  th e  a b s o lu te  change in  b lood  v i s c o s i t y ,  
f ig u r e  (1 0 3 ) . The c o r r e l a t i o n  .fo r  th e  e ig h t  c a se s  in  which th e  change was 
s i g n i f i c a n t  was r  = 0 .8 6 8 , P = 0.006* The p e rc e n ta g e  change in  
im pedance i s  compared w ith  th e  p e rc e n ta g e  change in  v i s c o s i t y  in  f ig u r e  (1 0 4 ) . 
The c o r r e l a t i o n  i s  d e s c r ib e d  by r  = 0 .6 0 1 , P ^  0 .1 .  The d i f f e r e n c e  in  
th e  mean im pedance b e fo re  and a f t e r  in fu s io n  ex p re sse d  a s  a  p e rc e n ta g e  
in c re a s e d  w ith  fre q u e n c y  b u t was n o t  s i g n i f i c a n t  a t  any f re q u e n c y .
PATIENT PERIPHERAL CHANGE IN MEAN IMPEDANCE CHANGE IN MEAN
No. RESISTANCE PERIPHERAL RESIST Z IMPEDANCE
(mmHg/ml/min) (mmHg/ml/min) (mmHg/ml/min) (mmHg/ml/min)
1 0 .5 0 -0 .0 7 0 .038 -0 .0 2 3
2 0 .8 2 -0 .1 0 0 .105 -0 .0 1 3
3 1 .50 -0 .3 3 0.091 -0 .0 1 0 *
.4 " ^ 0 .6 0 -0 .1 0 0.123 -0 .0 0 3 *
1 .15 -0 .1 2 0 .079 +0.009
6 0 .8 5 - 0 .2 4 0 .0 8 4 -0 .0 3 5
7 1.41 -0 .3 9 0.061 +0.016
8 0 .43 -0 .0 1 0 .060 +0.004
9 0 .6 8 - 0 .0 2 0 .088 -0 .0 1 5
10 0 .5 9 -0 .0 2 5 0.098 + 0 .007*
11 0 .6 9 - 0 .0 4 0 .090 -0 .0 1 0 *
12 1 .55 -0 .7 1 0.133 -0 .0 4 5
Table- (21 )
The e f f e c t  o f  D ex tran  in f u s io n  on im pedance a t  ze ro  fre q u e n c y , th e  p e r ip h e r a l
r e s i s t a n c e ,  and on th e  mean o f  th e  im pedance a t  h ig h e r  f r e q u e n c ie s ,  Z,
* '
In  c a se s  marked th e  im pedance changes were n o t  s i g n i f i c a n t .
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-1 0 -20 -30
CHANGE IN PERIPHERAL RESISTANCE ( % )
F ig , (102) The r e la t io n s h ip  betw een th e  i n i t i a l  p e r ip h e r a l  
r e s i s t a n c e  and th e  change in  r e s i s t a n c e  a f t e r  
in fu s io n  o f  D extran  a s  a p e r c e n t  o f  th e  i n i t i a l  
v a lu e .
The c o r r e l a t i o n  c o e f f i c i e n t  i s  0 .7 5 0 , p = 0 .005  
and th e  l i n e a r  r e g r e s s io n  s lo p e  i s  -  23 .8
2 5 0
• 0.01CHANGE IN 
VISCOSITY ( c P )
-0 .3-0 .4
- 0.01
-0.04
F ig . (103) Change in  mean m odulus o f  im pedance and change in  
a b s o lu te  v a lu e  o f  v i s c o s i t y  a f t e r  in fu s io n  o f  
D extran
O and d o t te d  l i n e  a l l  12 p a t i e n t s ,
X and s o l id  l i n e  8 s i g n i f i c a n t  c a s e s ,  
C o r re la t io n  f o r  a l l  12 p a t i e n t s ,  r= 0 .7 4  p < 0 .0 1
f o r  8 s i g n i f i c a n t  c a s e s ,  r= 0 .8 7  p£0.01
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F ig . (104) P e rc e n t change in  mean m odulus o f  im pedance and
p e rc e n t change in  v i s c o s i t y  a f t e r  in fu s io n  o f  D e x tra n . 
O and d o tte d  l i n e  a l l  12 p a t i e n t s  
X and s o l id  l i n e  8 s i g n i f i c a n t  c a se s  
C o r re la t io n  fo r  a l l  12 p a t i e n t s ,  r= 0 .4 7  p > 0 .1
f o r  8 s i g n i f i c a n t  c a s e s ,  r= 0 .6 0  p^0 .1
2 5 2
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whom o p e ra t io n  f a i l e d
The d a ta  f o r  t h i s  s tu d y  became a v a i la b l e  a f t e r  th e  p a t i e n t s  had 
been fo llo w ed  up f o r  s i x  m onths to  one y e a r .  The c l i n i c a l  outcome o f  
each p ro c e d u re  was a s s e s se d  w ith  re g a rd  to  r e l i e f  o f  symptoms and 
p a te n c y  o f  th e  r e c o n s tr u c te d  v e s s e l  a t  r o u t in e  o u t - p a t i e n t  v i s i t s .
We compared th e  common fem o ra l im pedance m easured p r e - o p e r a t iv e ly  o f  
p a t i e n t s  w ith  a  s u c c e s s fu l  g r a f t  w ith  th e  im pedance o f  th o se  in  whom 
a g r a f t  f a i l e d *  and made a  s im i la r  com parison w ith  th e  p o s t  o p e r a t iv e  
m easurem en ts.
R e s u lts
The e f f e c t  o f  . r e c o n s t r u c t i o n . i s  shown f o r  th e  p a t i e n t s  m easured 
b e fo re  O ctober 1973 (no s e le c t io n  on th e  b a s i s  o f  P . I .  m easurem ents) 
in  f ig u r e  (105)* T here was no s i g n i f i c a n t  change in  p h ase  o f  th e  whole 
g roup . Comparison o f  means in d i c a te s  a  v e ry  s i g n i f i c a n t  lo w e rin g  o f  
im pedance o c c u rs  a s  a r e s u l t  o f  r e c o n s t r u c t io n  (P  = 0 .0 0 5 )•  The d e v ia t io n s  
a re  la rg e  how ever.
When th e  s u c c e s s fu l  o p e ra t io n s  were c o n s id e re d  s e p a r a te ly  no 
d i f f e r e n c e  in  modulus o f  p h ase  was found betw een th e  mean im pedance 
b e fo re  o p e ra t io n s  and t h a t  a f t e r  r e c o n s t r u c t io n .  In  th e  f a i l u r e s  th e r e  
was a  v e ry  s i g n i f i c a n t  d i f f e r e n c e  betw een th e  mean im pedance m easured  
b e fo re  and t h a t  a f t e r  o p e ra t io n ,  f ig u r e  (1 0 6 ) . Though th e  p r e o p e r a t iv e  
im pedance shows la rg e  d e v ia t io n s  th e  p o s t  o p e r a t iv e  v a lu e  i s  more u n ifo rm . 
In  fo u r  o f  th e  f iv e  f a i l u r e s  a  sharp  r i s e  in  im pedance was n o te d  a t  h ig h  
f r e q u e n c ie s .  S ince  th e s e  were n o t  a t  th e  same fre q u e n c y  th e y  do n o t  ap p e a r 
c l e a r l y .  In  one ty p i c a l  p a t i e n t  th e  im pedance was much h ig h e r  th a n  
norm al b e fo re  o p e ra t io n  and was red u ced  by r e c o n s t r u c t io n ,  b u t  th e r e  was 
a sh arp  r i s e  a t  8 and 9 Hz which was c o n tin u e d  a t  10 Hz, f ig u r e  ( 107)*
The p h ase  a ls o  moved from  -5 0  d e g re e s  a t  5 Hz to  ze ro  a t  7 Hz and w ent 
up to  +30 d e g re e s .
A com parison o f  th e  im pedance m easured b e fo re  r e c o n s t r u c t io n  in  th e
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F ig . (105) Mean fem ora l im pedance in  e a r ly  p a t i e n t s  m easured 
b e fo re  (x ) and a f t e r  ( o )  r e c o n s t r u c t io n  
Comparison o f  mean v a lu e s  g iv e s  
p <. 0.01 f o r  am p litu d e  
p = 0.27  f o r  phase  
E rro r  b a rs  shown a re  2 x S.E.O .M .
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F ig . (106) Mean fem o ra l im pedance o f  th o se  e a r ly  p a t i e n t s  
•whose o p e ra t io n  was u n s u c c e s s fu l .
X  b e fo re  r e c o n s t r u c t io n  
O a f t e r  r e c o n s t r u c t io n  
Comparison o f  mean v a lu e s  w ith  S tu d e n t’ s p a i r e d  
’ t 1 . t e s t  g iv e s  p 0 .005  f o r  am p litu d e
E rro r  b a rs  shown a re  2 x S.E.O.M .
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(107) Impedance m easured in  th e  fem o ra l a r t e r y  o f  a 
p a t i e n t  who had an u n s u c c e s s fu l v e in  bypass 
g r a f t .
X -  b e fo re  r e c o n s t r u c t io n  
0 -  a f t e r  r e c o n s t r u c t io n
(n o te  th e  change o f  s c a le  from  p re v io u s  f ig u r e s )
f ig u r e  (1 0 8 ) . There was a h ig h ly  s i g n i f i c a n t  d i f f e r e n c e  betw een th e  
means o f  th e  asym ptom atic s u b je c t s  and th e  means o f  th o se  p a t i e n t s  
whose g r a f t  su b se q u e n tly  f a i l e d  (P*<C 0.001 )•  The d i f f e r e n c e  betw een 
asym ptom atic  s u b je c t s  and th o se  p a t i e n t s  whose g r a f t  was s u c c e s s fu l  
was v e ry  s i g n i f i c a n t  (P  = 0 .0 1 ) .  T here was a ls o  a  h ig h ly  s i g n i f i c a n t  
d i f f e r e n c e  betw een th e  mean im pedance o f  th o se  which were s u c c e s s fu l  
and th o se  which f a i l e d  (P  < 0  • 0 0 l ) .  A lthough th e r e  was a s i g n i f i c a n t  
d i f f e r e n c e  a t  each fre q u e n c y  betw een f u tu r e  su c c e s se s  and f a i l u r e s  
( P <  0 .0 5 , S tu d e n t’ s ’ t 1 t e s t ,  u n p a ire d  sam ples) th e  s ta n d a rd  d e v ia t io n s  
were la rg e  and i t  p roved  im p o ss ib le  to  d e te rm in e  from  th e  p r e o p e r a t iv e  
m easurem ent w hether a g r a f t  would be s u c c e s s f u l .
W hile th e re  was a d i f f e r e n c e  in  means betw een s u c c e s se s  and f a i l u r e s  
m easured a f t e r  r e c o n s t r u c t io n  (.P <  0 .0 5 , S tu d e n t’ s ’ t ’ t e s t ,  p a i r e d  
s a m p le s ) , th e  d i f f e r e n c e  a t  each fre q u e n c y  below  8 Hz was i n s i g n i f i c a n t  
( P >  0 .1 ,  S tu d e n t’ s ' t '  t e s t ,  u n p a ire d  sa m p le s ) .
The a d d i t io n  o f  d a ta  from  th e  p a t i e n t s  a f t e r  O ctober 1973 who were 
s e le c te d  on th e  b a s is  o f  P . I .  v a lu e s ,  gave a t o t a l  o f  25 p a t i e n t s  in  
whom common fem o ra l im pedance had been m easured b e fo re  and a f t e r  i n s e r t i o n  
o f  a  v e in  b ypass  g r a f t .  S ix te e n  were s u c c e s s fu l  and n in e  f a i l e d .  The 
r e s u l t s  o f  t h i s  l a r g e r  group a re  p re s e n te d  in  f ig u r e  (1 0 9 ) .
Impedance was m easured w ith  th e  p ro fu n d a  fe m o ris  open and a 
com parison o f  th e  v a lu e  b e fo re  and a f t e r  r e c o n s t r u c t io n  i s  g iv e n  f o r  b o th  
s u c c e sse s  and f a i l u r e s ,  f ig u r e s  (110) ( i l l ) .  Though th e  mean im pedance 
was red u ced  f o r  bo th  groups p o t e n t i a l  f a i l u r e s  have a  g r e a t e r  im pedance
v.
th an  su c c e s se s  bo th  i n i t i a l l y  and a f t e r  r e c o n s t r u c t io n .  In  th o s e  p a t i e n t s  
who had a s u c c e s s fu l  g r a f t  th e  im pedance a f t e r  o p e ra t io n  d id  n o t  d i f f e r  
s i g n i f i c a n t l y  from  th a t  m easured b e fo re  o p e r a t io n .  For th e  f a i l u r e s  th e  
d i f f e r e n c e  a t  each freq u en cy  betw een p r e - r e c o n s t r u c t io n  and p o s t ­
r e c o n s t r u c t io n  m easurem ents was s i g n i f i c a n t  up to  8 Hz (P  A  0 .0 5 , S tu d e n t’ s 
*t* t e s t ,  p a i re d  sa m p le s ) . , The p h ase  o f  s u c c e s s f u l  g r a f t s  may have been
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F ig . (108) Fem oral im pedance m easured b e fo re  r e c o n s t r u c t io n  
f o r  p a t i e n t s  in  e a r ly  s tu d ie s .
X mean o f  u n s u c c e s s fu l c a se s  
O mean o f  s u c c e s s fu l  c a se s  
•  mean o f  fo u r  asym ptom atic ' s u b je c ts  
Comparison o f  mean v a lu e s  u s in g  S tu d e n t’ s p a i r e d  
* t ’ t e s t  g iv e s
p = 0 .0 1 , s u c c e s s fu l  w ith  asym ptom atic  
p C 0 .0 0 1 , u n s u c c e s s fu l  w ith  asym ptom atic  
p < 0 .0 0 1 , s u c c e s s fu l  w ith  u n s u c c e s s fu l 
E rro r  b a rs  shown a re  1 x S tan d ard  D e v ia tio n
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F ig . (109) Mean fem o ra l im pedance in  a l l  p a t i e n t s  hav ing
a v e in  bypass g r a f t ,  m easured w ith  th e  p ro fu n d a  
open
_ X b e fo re  r e c o n s t r u c t io n
O a f t e r  r e c o n s t r u c t io n  
e asym ptom atic  s u b je c ts  
Comparison o f  mean v a lu e s  b e fo re  and a f t e r  u s in g  
S tu d e n t’ s p a i r e d  ’ t '  t e s t  g iv e s  
p <  0 .0 0 1 , f o r  am p litu d e  
p < 0 .0 5 ,  f o r  phase
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F ig . (110) Mean m odulus o f  im pedance m easured w ith  th e
p ro fu n d a  open b e fo re  and a f t e r  r e c o n s t r u c t io n  
in  b o th  s u c c e s s fu l  c a se s  (A ), and" u n s u c c e s s fu l 
c a se s  (B)
X b e fo re  r e c o n s t r u c t io n  
O  a f t e r  r e c o n s t r u c t io n  
E rro r  b a rs  shown a re  2 x S.E.O .M .
(N ote d i f f e r e n t  s c a le s  used)
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( m )  Mean phase  o f  im pedance m easured w ith  th e  p ro fu n d a  
open b e fo re  and a f t e r  r e c o n s t r u c t io n  in  bo th  
s u c c e s s fu l  c a se s  (A ), and u n s u c c e s s fu l c a s e s  ( b )
X b e fo re  r e c o n s t r u c t io n  
0 a f t e r  r e c o n s t r u c t io n
2 6 1
change in  p h ase  f o r  th e  f a i l u r e s .
The e f f e c t  o f  r e c o n s t r u c t io n  on im pedance m easured w ith  th e  
p ro fu n d a  a r t e r y  clamped i s  shown in  f ig u r e  (1 1 2 ) . W hile a byp ass  red u ced  
th e  im pedance d r a m a t ic a l ly  in  a l l  c a s e s  th e re  was no d i f f e r e n c e  betw een 
s u c c e s s e s  and f a i l u r e s  m easured a f te rw a rd s .  T here were no norm al 
v a lu e s  f o r  com parison .
2 6 2
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12) Mean modulus o f  fem o ra l im pedance m easured w ith  
th e  p ro fu n d a  a r t e r y  clamped
VC s u c c e s s fu l  c a se s  a f t e r  r e c o n s t r u c t io n  
O u n s u c c e s s fu l c a s e s  a f t e r  r e c o n s t r u c t io n  
•  a l l  c a se s  b e fo re  r e c o n s t r u c t io n  
Comparison o f  mean v a lu e s  u s in g  S tu d e n t 's  
p a i re d  ' t f t e s t  g iv e s
p ^  0 .1 ,  s u c c e s s fu l  w ith  u n s u c c e s s fu l  c a se s
The d e r iv a t io n  o f  im pedance r e q u i r e s  t h a t  th e  am p litu d e  o f  bo th
p r e s s u r e  and flo w  a t  th e  harm onic  concerned  a r e  w ith in  th e  a c c u ra c y  o f  th e
m easuring  sy stem . I t  was e s t im a te d  th a t  th e  p r e c i s io n  o f  th e  manometer
and f lo v m e te r  was 0.5% o f  f u l l  s c a le ,  e q u iv a le n t  to  0 .5  mmHg f o r  p r e s s u r e
3o r  f u l l  s c a le  v a lu e  x ran g e  cm /m in  f o r  f lo w . T h is  d is r e g a r d s  th e  
200
a cc u racy  o f  th e  c a th e te r  manometer system  and o f  th e  f lo w  p ro b e  
c a l i b r a t i o n .
The u se  o f  s ig n a l  a v e ra g in g  to  red u ce  n o is e  in t ro d u c e s  o th e r  l i m i t s  
to  th e  a c c u ra c y  o f  th e  m easurem en ts. P re c is io n  o f  th e  d i g i t i s i n g  i s  n o t  
b e t t e r  th a n  1 c o u n t, so t h a t  th e  acc u racy  o f  p r e s s u r e  o r  f lo w  harm onics 
i s  0.5% o f  f u l l  s c a le  o r  1 coun t w hichever h a s  th e  g r e a te r  v a lu e .
Harmonics w ith  am p litu d e  l e s s  th a n  th e s e  f ig u r e s  were d is re g a rd e d  in  th e  
a n a l y s i s .  I t  was found th ro u g h o u t th e  s tu d y  t h a t  p r e s s u r e  harm onics 
became i n s i g n i f i c a n t  b e fo re  f lo w  h arm o n ics .
The h y d ra u l ic  in p u t  im pedance o f  th e  common fem o ra l a r t e r y  in  man 
h as  been r e p o r te d  p r e v io u s ly  by P a te l  ( P a te l  e t  a l ,  1965b). These 
m easurem ents were made on p a t i e n t s  p r i o r  to  open h e a r t  s u rg e ry . I t  was 
found th a t  th e  m odulus o f  im pedance a t  1 Hz was betw een 20 and 25% o f  
th e  r e s i s t a n c e  and f e l l  a g a in  a t  2 Hz. I t  was r e l a t i v e l y  smooth 
t h e r e a f t e r .  The p h ase  la g  was found to  be n e g a t iv e  and re a s o n a b ly  c o n s ta n t  
a t  45°• The r e s u l t s  o f  th e  p r e s e n t  s tu d y  compare fa v o u ra b ly  w ith  th e  
above f i g u r e s .  I t  i s  n o te d  th a t  P a te l  does n o t  g iv e  im pedance v a lu e s  above 
8 Hz in  th e  norm al s t a t e .  A lthough a m p litu d e s  o f  p r e s s u r e  and f lo w  
harm onics i n 'p a t i e n t s  w ith  a r t e r i a l  d is e a s e  were s i g n i f i c a n t  a t  h ig h e r  
f r e q u e n c ie s ,  th e  im pedance o f  n o rm als  i s  so sm a ll t h a t  a m p litu d e s  above 
th e  s ix th  harm onic were i n s i g n i f i c a n t .
I t  i s  c l e a r  from f ig u r e  (93) th a t  when th e  s u p e r f i c i a l  fem o ra l 
a r t e r y  i s  s e v e re ly  c o n s t r i c te d  o r  b lo ck ed  the- t o t a l  im pedance o f  th e  
lim b i s  s i g n i f i c a n t l y  in c re a s e d .  The im pedance o f  th e  a f f e c t e d  
s u p e r f i c i a l  fem o ra l r o u te  a lo n e  a s  in d ic a te d  by m easurem ents made w ith
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im pedance o r  th a t  o£ th e  whole lim b , f ig u r e  (1 1 2 ) . I t  was u n fo r tu n a te  
t h a t  m easurem ents o f  th e  norm al s u p e r f i c i a l  fem o ra l p a th  a lo n e  were n o t  
a v a i la b le  f o r  com parison .
A lthough th e  mean im pedance o f  a l l  p a t i e n t s  i s  s ig n i f ic a n t ly -  
low ered  by su rg e ry  ( f ig u r e s  105 and 109) in  th e  group, o f  p a t i e n t s  
who had a s u c c e s s fu l  r e c o n s t r u c t io n  th e  mean v a lu e s  b e fo re  and a f t e r  
r e c o n s t r u c t io n  were s im i la r  and d i f f e r e d  o n ly  m in im a lly  from  n o rm al. The 
b u lk  o f  th e  mean change 'must come from  th o se  p a t i e n t s  who had a  h ig h  
im pedance b efo reh an d  and s u b se q u e n tly  f a i l e d .  I t  h a s  p r e v io u s ly  been  
su g g es ted  t h a t  th e  m ain e le m e n t .o f  th e  im pedance a t  low f re q u e n c ie s  l i e s  
in  th e  v a s c u la r  bed d i s t a l  to  th e  p o p l i t e a l  a r t e r y  due to  th e  e f f e c t  o f  
r e f l e c t i o n s  (O 'R ourke and T a y lo r , 1966). C onsequen tly  in  p a t i e n t s  
whose im pedance b e fo re  r e c o n s t r u c t io n  was h ig h  in a d e q u a te  " ru n  o f f "  was
i
p o s s ib ly  th e  cause  o f  th e  f a i l u r e .  Maxima and minima in  th e  im pedance 
cu rve can be r e l a t e d  to  r e f l e c t i o n s  in  th e  a r t e r i a l  bed due to  b ra n c h in g  
o r  o c c lu s io n  o f  th e  a r t e r y  (Gabe e t  a l ,  1964; O 'R ourke and T a y lo r , 1967; 
M ills  e t  a l ,  1970; W esterhof e t  a l ,  1973 ). The f r e q u e n c ie s  a t  which 
th e  maxima and minima o ccu r and th e  d is ta n c e  to  th e  s i t e  o f  r e f l e c t i o n  
a re  in v e r s e ly  r e l a t e d .  As th e  s i t e  o f  r e f l e c t i o n  moves f u r th e r  from  th e  
m easuring  s i t e  th e  f i r s t  p eak  (maxima) moves in to  th e  low er f r e q u e n c ie s  
(W este rho f e t  a l ,  1973). I f  th e  c i r c u l a t i o n  d i s t a l  to  th e  fem o ra l a r t e r y  
i s  assumed to  be analogous to  a  s im p le  c lo se d  tu b e , th e  d i s ta n c e  to  th e  
s i t e  o f  r e f l e c t i o n  i s  g iv en  by:
L 2 C
where L = th e  d is ta n c e  from m easu ring  s i t e  to  th e  s i t e  o f  
r e f l e c t i o n  
C = th e  wave, speed
f  = th e  fre q u e n c y  a t  which th e  f i r s t  minimum o c c u rs  in  th e  
im pedance c u rv e .
(T ay lo r 1957; M ills  e t  a l ,  1970; W esterhof e t  a l ,  1973)
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where f  i s  th e  freq u en cy  o f  th e  f i r s t  maximum, max n
The o s c i l l a t i o n  in  m odulus which would r e s u l t  from such a r e f l e c t i n g  
s i t e  was a p p a re n t a f t e r  o p e ra t io n  in  seven  o u t o f  th e  n in e  f a i l u r e s .
The case  shown in  f ig u r e  ( 107) i s  t y p i c a l .  The p h ase  i s  ze ro  when th e  
modulus i s  a t  a minimum a t  ab o u t 7 Hz and r e tu r n s  tow ards ze ro  when th e  
modulus ap p ro ach es  a p e a k . The wave speed e s t im a te d  from  u l t r a s o u n d  
m easurem ents a f t e r  o p e ra t io n  was 10 m /s su g g e s tin g  a  m ajo r r e f l e c t i n g  s i t e  
a t  40 cm from  th e  m easuring  s i t e ,  o r  j u s t  below  th e  knee j o i n t .  I t  was 
n o t  p o s s ib le  to  make such e s t im a t io n s  in  each o f  th e  f a i l u r e s .  As soon 
a s  p h ase  moved in  a p o s i t i v e  d i r e c t i o n  th e  am p litu d e  o f  th e  p r e s s u r e  
harm onics tended  to  become i n s i g n i f i c a n t .  T h is  may a cc o u n t f o r  th e  e r r a t i c  
b eh av io u r o f  th e  mean p h ase  s h i f t  in  f ig u r e s  (106) and ( i l l ) .
The p re s e n c e  o f  a b lo c k  would a ls o  g iv e  an im pedance minimum in  
th e  low freq u en cy  ran g e  and e x p la in  why th e  im pedance ap p ea red  norm al in  
t h i s  ra n g e . The analo g u e  o f  th e  s im p le  c lo se d  tu b e  i s  o n ly  an 
ap p ro x im atio n  and ta k e s  no a c c o u n t o f  th e  p ro fu n d a  c i r c u l a t i o n  which 
p a r a l l e l s  th e  s u p e r f i c i a l  fem o ra l a r t e r y .  In  th e  p re se n c e  o f  more th an  
one s i t e  o f  r e f l e c t i o n ,  such a s  th e  p ro fu n d a  may p ro v id e , th e  maxima 
and minima may be d is p la c e d ,  th e  f i r s t  maximum o c c u r r in g  a t  l e s s  th an  
tw ice  th e  f i r s t  minimum (O’Rourke and T a y lo r , 1967)* The a p p a re n t wave 
v e lo c i ty  i s  a ls o  a f f e c te d  by r e f l e c t i o n s  and v a r i e s  w ith  fre q u e n c y  (Gabe 
e t  a l ,  1964)* Low ering o f  th e  im pedance i s  n o t  i t s e l f  an i n d i c a to r  
o f  a  s u c c e s s fu l  o p e ra t io n  b u t a  r i s e  a t  h ig h  f r e q u e n c ie s  may h e r a ld  
f a i l u r e .
I t  was argued  th a t  th e  d i f f e r e n c e  betw een su c c e s s e s  and f a i l u r e s  
m igh t be enhanced i f  th e  p ro fu n d a  a r t e r y  was clamped so t h a t  o n ly  th e  
im pedance o f  th e  r e c o n s tr u c te d  segm ent and th e  low er le g  ( r u n - o f f )  was 
in c lu d e d . F ig u re  (97) shows th a t  w ith  th e  p ro fu n d a  clamped a  b y p ass  round 
a  b lo ck ed  s u p e r f i c i a l  fem o ra l a r t e r y  low ered  th e  common fem o ra l im pedance 
c o n s id e ra b ly :  i t  was no lo n g e r  p o s s ib le  to  d i s t in g u is h  su c c e s s e s
The g r e a t e s t  d i f f e r e n c e  betw een su c c e sse s  and f a i l u r e s  was in  th e  
t o t a l  im pedance o f  th e  lim b , f ig u r e  (1 1 3 )• The s ta n d a rd  d e v ia t io n  
b a rs  shown o v e r la p  and a lth o u g h  an i n i t i a l l y  h ig h  im pedance may be ex p ec ted  
to  p re c e d e  f a i l u r e  th e re  i s  no c l e a r  d iv id in g  l i n e  betw een su c c e s se s  and 
f a i l u r e s .  The 5% s i g n i f i c a n t  d i f f e r e n c e  a t  any fre q u e n c y  i s  n o t  ad eq u a te  
fo r  c l i n i c a l  d e c i s io n s .
The h ig h e r  im pedance m easured in  th e  p o p l i t e a l  a r t e r y  i s  in  
acco rd an ce  w ith  th e  f in d in g s  o f  McDonald and o th e r s  in  th e  dog . The 
f a i l u r e  to  show any d i f f e r e n c e  in  p o p l i t e a l  im pedance betw een su c c e s se s
and f a i l u r e s  may have been due to  th e  sm a ll number o r  th e  d i f f i c u l t y  o f
/
o b ta in in g  m easurem ents in  many c a s e s .  The e x te n s iv e  th ic k e n in g  o f  th e  . 
a r t e r y  commonly found in  t h i s  s i t e  may have a f f e c te d  th e  f lo w  m easurem ents 
a d v e r s e ly .
The c a l c u la t io n  o f  lo n g i tu d in a l  im pedance from  th e  a v a i la b l e  
m easurem ents was u n d e rta k en  to  d e te rm in e  i f  th e  im pedance o f  th e  g r a f t  
i t s e l f  was c r i t i c a l  to  th e  su c c e ss  o f  th e  p ro c e d u re . The c o r r e l a t i o n  o f  
im pedance w ith  fre q u e n c y  a g re e s  w ith  McDonald’ s a p p ro x im a tio n  f o r  th e  
lo n g i tu d in a l  im pedance o f  la rg e  a r t e r i e s ,
2  «• ^  (McDonald, 1960, quoted by G essn e r, 1972)
s
where p i s  th e  d e n s i ty  o f  b lo o d , S i s  th e  lumen a re a  and w th e  
a n g u la r  f re q u e n c y . The p r e s s u re  g r a d ie n t  i s  th e  p r e s s u r e  d i f f e r e n c e  p e r  
u n i t  le n g th .  The im pedance was c a lc u la te d  ’from  th e  t o t a l  p r e s s u r e  
d i f f e r e n c e  so t h a t  in  t h i s  s tu d y  lo n g i tu d in a l  im pedance sh o u ld  a l s o  be 
r e l a t e d  to- th e  le n g th  o f  th e  g r a f t .  The f a c t  t h a t  no c o r r e l a t i o n  was found 
w ith  a re a  o r  le n g th  may be due to  th e  m easurem ent te c h n iq u e , o r  to  th e  
f a c t  t h a t  th e  d ia m e te r  o f  th e  v e in  g r a f t  was n o t  un ifo rm  and th e r e  were 
two a d d i t io n a l  d i s c o n t i n u i t i e s  a t  th e  ends o f  th e  g r a f t s .  On s tu d y in g  . 
th e  r e s u l t s  o f  s e v e r a l  p a t i e n t s  in  d e t a i l  i t  was n o t ic e d  t h a t  th e  
lo n g i tu d in a l  im pedance f e l l  on clam ping th e  p ro fu n d a , n o t  b eca u se  o f  a
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('113) Mean modulus o f  fem o ra l im pedance m easured w ith  
th e  p ro fu n d a  open f o r  s u c c e s s fu l  c a se s  ()<■ ) 
u n su c c e s s fu l c a se s  (o)  and asym ptom atic  s u b je c t s  
( • )
(A) b e fo re  r e c o n s t r u c t io n
(B) a f t e r  r e c o n s t r u c t io n
E rro r  b a rs  shown a re  1 x S tan d ard  D e v ia tio n
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in  f lo w . T h is  su g g e s ts  t h a t  th e  g r e a te r  th e  flow  th e  more e f f i c i e n t  
th e  g r a f t  becom es.
Though th e  im pedance o f  th e  g r a f t  r e p r e s e n t s  o n ly  a  sm a ll p a r t  o f
1th e  t o t a l  im pedance o f  th e  lim b th e  d i f f e r e n c e  m  th e  im pedance term  Z 
f o r  s u c c e s s fu l  and u n s u c c e s s fu l  g r a f t s  h a s  le d  to  a  more in t e n s iv e  s tu d y  
o f  th e  p r o p e r t i e s  o f  g r a f t  m a te r i a l s ,  p a r t i c u l a r l y  im pedance. The method 
o f  M ilnor and N ich o ls  ( T975) to  d e te rm in e  c h a r a c t e r i s t i c  im pedance and 
p ro p a g a tio n  c o e f f i c i e n t s  in  th e  d o g 's  fem o ra l a r t e r y  i s  o f  p a r t i c u l a r  
i n t e r e s t ,  though t h e i r  u se  o f  tr a n s m is s io n  l i n e  th e o ry  assum es a un ifo rm  
v e s s e l .  I t  m igh t be p o s s ib le  to  u se  t h e i r  method o f  a n a ly s i s  w ith  d a ta  
c o l le c te d  in  th e  same manner a s  t h i s  s tu d y .
One o f  th e  m ajo r d e te rm in a n ts  o f  b lood  v i s c o s i t y  i s  th e  r a t i o  o f  th e  
volume o f  c e l l s  to  th e  volume o f  p la sm a, th e  packed  c e l l  volum e, (PCV), 
(W alker e t  a l ,  1976). An in f u s io n  o f  D ex tran  c l e a r ly  lo w ers  th e  v i s c o s i t y  
o f  b lo o d . I f  th e  v i s c o s i t y  m easurem ents a re  c o r re c te d  to  a  s ta n d a rd  
PCV o f  45% th e re  i s  a s l i g h t  r i s e  in  th e  a sy m p to tic  v i s c o s i t y  p o s s ib ly  
due to  an in c re a s e  in  r i g i d i t y  o f  th e  r e d  c e l l s ,  (Humphreys e t  a l ,  1976).
The f a l l  in  p e r ip h e r a l  r e s i s t a n c e  a f t e r  an in f u s io n  o f  D ex tran  h a s  
been r e p o r te d  p r e v io u s ly  (G e lin  and T horen , 1961). S ince  th e r e  was no 
c o r r e l a t i o n  betw een th e  change in  p e r ip h e r a l  r e s i s t a n c e  and th e  change in  
v i s c o s i t y  th e  fo rm er m ust be a s s o c ia te d  w ith  some o th e r  e f f e c t  o f  th e  
in f u s io n .  An in f u s io n  o f  500 ml D ex tran  in c r e a s e s  th e  t o t a l  b lo o d  volum e, 
a s  ev id en ced  by th e  f a l l  in  PCV, and in c r e a s e s  th e  c e n t r a l  venous 
p r e s s u r e .  Such r i s e s  a f f e c t  th e  au tonom ic n e rv o u s  system  and p roduce  
a  r e f l e x  d e c re a s e  in  th e  r e s i s t a n c e  o f  th e  p e r ip h e r a l  v a s c u la r  bed ,
(R oddie e t  a l ,  1957)* In  t h i s  s tu d y  th e  m agn itude o f  th e  re sp o n s e  was 
r e l a t e d  to  th e  i n i t i a l  v a lu e  o f  r e s i s t a n c e ,  f ig u r e  (1 0 2 ) . The h ig h e r  th e  
i n i t i a l  r e s i s t a n c e  th e  g r e a t e r  th e  f a l l .  T h is  s u g g e s ts  t h a t  i n  p a t i e n t s  
who had a h ig h  i n i t i a l  r e s i s t a n c e  th e re  was some d e g re e  o f  v a s o c o n s t r ic t io n  
which was reduced  v ia  th e  autonom ic r e f l e x e s .  I f  th e  a r t e r i e s  a re
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in  p e r ip h e r a l  r e s i s t a n c e ,  which su p p o r ts  t h i s  e x p la n a tio n  o f  th e  f in d in g s  
(C o l l in s  and Ludbrook, 1966).
R e s is ta n c e  in  man changes w ith  v a s o d i l a t io n  and v a s o c o n s t r ic t io n  
p roduced  by d ru g s  b u t  changes in  im pedance have n o t  been o b serv ed  
( P a te l  e t  a l ,  1965b). T here was a mean change in  v i s c o s i t y  o f  o n ly  
7*6% and th e  mean change in  im pedance was ab o u t th e  same. The e f f e c t  
o f  th e  v i s c o s i t y  on m easurem ents o f  impedance, in  p a t i e n t s  i s  th e r e f o r e  
o f  m inor im p o rtan ce , u n le s s  c o n s id e ra b le  change ta k e s  p la c e  in  th e  t o t a l  
b lo o d  volum e.
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i*Tom tn e  m easurem ents made on p a t i e n t s  d u r in g  su rg e ry  i t  was seen
t h a t ,
1 . O cc lu s iv e  a r t e r i a l  d is e a s e  r a i s e s  th e  im pedance s i g n i f i c a n t l y  above 
norm al v a lu e s .
2 . R e c o n s tru c tio n  low ers  th e  im pedance in  a l l  c a s e s .
3 . P a t i e n t s  w ith  a  low im pedance i n i t i a l l y  a re  l e a s t  a f f e c te d  by a 
r e c o n s t r u c t io n  and ten d  to  be s u c c e s s f u l .
Those t h a t  have a  h ig h  im pedance i n i t i a l l y  a re  a ls o  low ered  by a 
r e c o n s t r u c t io n  b u t  ten d  to  f a i l .  T here i s  some ev id en ce  t h a t  
■ f a i l u r e s  may be a s s o c ia te d  w ith  p eak s  a t  h ig h e r  f r e q u e n c ie s ,  though 
th e  a cc u racy  o f  m easurem ents a t  th e se ' f r e q u e n c ie s  means t h a t  i t  i s  
o f  l i t t l e  d ia g n o s t ic  v a lu e .
4 . A h ig h  t o t a l  lim b im pedance h a s  a  p o o r p ro g n o s is  though due to  th e
la r g e  v a r i a t i o n  o c c u r r in g  among p a t i e n t s  i t  i s  n o t  p o s s ib le  to
p r e d i c t  th e  outcome w ith  c e r t a i n t y  f o r  th e  m a jo r i ty  o f  p a t i e n t s .
5* I t  was n o t  p o s s ib le  to  r e l a t e  " r u n - o f f "  im pedance w ith  th e  c l i n i c a l  
outcom e•
6. The lo n g i tu d in a l  im pedance o f  th e  r e c o n s tr u c te d  segm ent h a s  a  la r g e  
v a r i a t i o n  b u t  in  th e  two c a se s  m easured which f a i l e d ,  th e  lo n g i tu d in a l  
im pedance was abn o rm ally  h ig h .
7* Impedance i s  a f f e c te d  by th e  a sy m p to tic  v i s c o s i t y  b u t  th e  e f f e c t  o f
changes in  th e  v i s c o s i t y  o f  b lood  on im pedance i s  l i k e l y  to  be s m a ll .
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GENERAL DISCUSSION
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A r te r io s c l e r o s i s  i s  th e  cause  o f  d e a th  in  more p e o p le  th a n  a l l  
form s o f  can c e r com bined, i t  i s  th e  cau se  o f  la rg e  num bers o f  
am p u ta tio n s  and u n to ld  s u f f e r in g .  S u rgery  can co m p le te ly  a l l e v i a t e  
th e  symptoms b u t th e  s e le c t io n  o f  p a t i e n t s  f o r  o p e ra t io n  and in  
p a r t i c u l a r  th e  s e l e c t io n  o f  th e  a p p ro p r ia te  o p e ra t io n  f o r  a  p a r t i c u l a r  
p a t i e n t  i s  r a th e r  a r b i t r a r y .  I t  seemed l i k e l y  t h a t  h y d ra u l ic  im pedance 
m igh t be used  to  c h a r a c te r i s e  th e  p r o p e r t i e s  o f  th e  c i r c u l a t i o n  much 
more a c c u r a te ly  th an  m easurem ents o f  e i t h e r  mean flo w  o r  mean p r e s s u r e ,  
and so a s s i s t  th e  c l i n i c i a n  in  h i s  ch o ice  o f . p ro c e d u re . H y d ra u lic  
im pedance i s  d e r iv e d  by c a l c u la t io n  from  m easurem ents o f  p u l s a t i l e  
p r e s s u r e  and p u l s a t i l e  f lo w .
O r ig in a l ly  s tu d ie s  o f  im pedance were made in  dogs by p h y s io lo g i s t s  
so t h a t  r e l a t i o n s h ip s  cou ld  be e s ta b l i s h e d  betw een th e  a r t e r i a l  w a ll ,  
th e  p r o p e r t i e s  o f  b lood  and p r e s s u re  wave p ro p a g a t io n .
U sing dogs th e  a f f e c t  o f  a r t i f i c i a l  s te n o s e s  on th e  im pedance 
was m easured and th e  r e s u l t s  su g g e s te d  t h a t  im pedance m igh t be u s e f u l  
in  a s s e s s in g  a r t e r i a l  d i s e a s e .  The model had p r a c t i c a l  l i m i t a t i o n s .
A h y d ra u l ic  model was developed  which was w e ll c o n t ro l le d  and in
vrtiich th e  m easurem ent acc u racy  was much s u p e r io r  to  t h a t  in  th e  d o g s .
*
Impedance was r e v e a le d  to  be a  s e n s i t i v e  in d e x  o f  a r t e r i a l  c o n s t r i c t i o n .
M easurem ent o f  im pedance in  p a t i e n t s  w ith  a r t e r i a l  d is e a s e  r e q u ir e d  
d i f f e r e n t  tr a n s d u c in g  sy stem s to  th o se  used  in  th e  model and t h e i r  
a cc u racy  i s  a s s e s s e d .  The c o n t r ib u t io n  o f  th e  p r e s e n t  work to  a 
p a r t i c u l a r  s u r g ic a l  p ro c e d u re  i s  d is c u s s e d  and some s u g g e s tio n s  made 
re g a rd in g  f u tu r e  work.
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F o u r ie r  A n a ly s is  o f  C ir c u la to r y  Waveforms
Impedance i s  th e  r e l a t i o n s h ip  betw een s in u s o id a l  waves o f  p r e s s u r e  
and f lo w  a t  th e  same f re q u e n c y . P re s su re  and flo w  waves re c o rd e d  in  
a r t e r i e s  a r e  n o t  s in u s o id a l  and in  t h i s  form  can n o t c o n v e n ie n tly  be 
used  to  d e te rm in e  im pedance.
A n a ly s is  o f  p r e s s u re  and flo w  o v er a  s in g le  h e a r tb e a t  would be o f  
l i t t l e  v a lu e  i f  th e  wave shape o v er th e  n e x t  c y c le  was co m p le te ly
d i f f e r e n t .  For F o u r ie r  a n a ly s i s  to  be v a lu a b le  in  th e  c i r c u l a t i o n  th e
h e a r t  r a t e  m ust be re a s o n a b ly  c o n s ta n t  and c o n se c u tiv e  p r e s s u r e  waves 
and f lo w  waves i d e n t i c a l .  Waves o f  t h i s  type  a re  s a id  to  be p e r io d i c  
and a re  d e s c r ib e d  by th e  e q u a tio n
P ( t  + T) = P ( t)  0 )
where t  i s  any tim e and T i s  th e  tim e i n t e r v a l  o f  a s in g le  wave o r
p i _ u j
p e r io d .  The fre q u e n c y  o f  th e  wave, -j —pr c
where w i s  th e  a n g u la r  fre q u e n c y  ( 2 )
Any p e r io d ic  fu n c tio n  can be re p re s e n te d  by an i n f i n i t e  s e r i e s  o f
sim p le  harm onic ( s in u s o id a l )  fu n c t io n s  w ith  a p p ro p r ia te  m oduli and 
p h a s e s , a t  f r e q u e n c ie s  which a re  in te g e r  m u l t ip le s  o f  th e  f re q u e n c y  o f  
th e  g iv en  f u n c t io n ,  th e  F o u r ie r  s e r i e s .  Thus a  f u n c t io n ,  P ( t )  may be 
ex p re ssed  m a th e m a tic a lly .a s
f(0 = K + X.  ( *  V ’‘n
" " V  ( 3 )T5
where Ae -c ±L-
z i r
b
An »  _
P ft) <kb .
to (4)
f  c e e  r»u>*L c te
Ztf (5 )
—- T P60 $Jn Y\u>'t
( 0
b io lo g ic a l  s ig n a l s  (A tt in g e r  e t  a l ,  1966). Aq r e p r e s e n t s  th e  mean v a lu e
o f  th e  wave and th e  te rm s A and B a re  c a l le d  harm onic te rm s . A„n n 1
and a re  th e  fun d am en ta l harm onic te rm s, A^ and B^ c o n ta in in g  
f r e q u e n c ie s  a t  tw ice  th e  fu n d am en ta l f re q u e n c y , a re  th e  second harm onic 
te rm s, and so o n . For a r t e r i a l  p r e s s u r e  and flo w  waves th e  m agnitude o f  
th e  harm onics d e c re a se s  w ith  fre q u e n c y  i e .  th e re  i s  a l i m i t  on th e  
f r e q u e n c ie s  p r e s e n t  in  th e  w aves. These waves may be app rox im ated  by a 
l im i te d  number o f  c o n s e c u tiv e  harm onic te rm s . I t  i s  a p ro p e r ty  o f  th e  
F o u r ie r  s e r i e s  t h a t  an ap p ro x im atio n  to  a f u n c t io n  u s in g  N te rm s o f  
th e  s e r i e s  i s  th e  b e s t  ap p ro x im atio n  w ith  t h i s  number o f  te rm s; th e  
a d d i t io n  o f  f u r th e r  te rm s may im prove th e  ap p ro x im atio n  b u t w i l l  n o t  a f f e c t  
th e  c o e f f i c i e n t s  o f  th e  p re v io u s  te rm s .
The F o u r ie r  s e r i e s  r e p r e s e n ta t io n  may th u s  be w r i t t e n  a s  a sum o f  a 
f i n i t e  number o f  term s
H v
= A0 + E t-sn siKxno-t; (?)
U'-l
I f  we w r i te  A a s  M cos (Pn and B a s  M sin< ?n  where M i s  d e f in e d  by n  n 1* n n 4-
m 2, ~  a V  +
n n n ( 8)
and 5* i s  g iv en  by ta n  cT / ( 9 )
A n
th e n  we can w r i te  N V
A0 + H co s
so t h a t  i s  th e  m agnitude (m odulus) and (J^ n th e  p h ase  o f  th e  n th  
h arm o n ic . The r e p r e s e n ta t io n  o f  a  f lo w  wave form  by such a s e r i e s  o f  
s in u s o id a l  waves i s  shown in  f ig u r e  (1 1 4 ) . The number o f  harm o n ics  
re q u ir e d  to  a c c u r a te ly  r e p r e s e n t  th e  wave a n a ly se d  may be a s s e s s e d
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( 10)
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W 
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mi
n)
OBSERVED FLOW WAVE
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F ig . (114) T y p ica l b lood  flow  waveform ( to p  t r a c e )  and i t s  
c o n s t i tu e n t  s in u s o id a l  com ponents d e r iv e d  by 
F o u r ie r  a n a ly s i s  (low er t r a c e s ) .  The o b se rv ed  
wave i s  th e  com bination  o f  th e  mean term  and each 
o f  th e  harm onic com ponents. Harmonics above the  
f i f t h  a re  too sm all to  show in  th e  s k e tc h . Note 
th e  d i f f e r e n c e  in  p hase  betw een th e  h arm o n ics .
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com paring th e  r e s u l t  f o r  a number o f  harm onics w ith  th e  o r i g i n a l  wave.
A more q u a n t i t a t iv e  m easure i s  th e  u se  o f  v a r ia n c e .  The v a r ia n c e  o f  
a s e t  o f  m v a lu e s  (o r  a  cu rve  re p re s e n te d  by a s e t  o f  m o r d in a t e s ,  y^) 
i s  a  m easure o f  th e  sp read  o f  th e  v a lu e s ,  and in  common u se  in  th e  f i e l d  
o f  s t a t i s t i c s  i s  th e  sq u are  o f  th e  s ta n d a rd  d e v ia t io n .  I t  i s  u s u a l ly  
c a lc u la te d  u s in g  th e  fo rm u la
v a r ia n c e , S  = ^  J (11)
The v a r ia n c e  o f  a  F o u r ie r  s e r i e s  i s  g iv e n  by
N
2 j (*■* 2^
where n  i s  th e  harm onic num ber. (12)
** n -1
Comparison betw een th e  F o u r ie r  s e r i e s  to  N te rm s and th e  o r i g i n a l  cu rve 
i s  made by e x p re s s in g  th e  v a r ia n c e  o f  th e  s e r i e s  a s  a % o f  th e  v a r ia n c e  
o f  th e  c u rv e , i e  Wl
vs ' i  £-"0/  n * i  ■ , . .
 L  —     x o o  (13) ^hTt ~  ^
In  th e  a n a ly s i s  o f  p r e s s u r e  and f lo w  waves t h i s  v a lu e  i s  o f te n  
99.5% by th e  7 th  o r  8 th  harm on ic . 99% i s  u s u a l ly  a ch iev ed  f o r  th e  flo w  
wave a t  a  low er fre q u e n c y  th an  f o r  th e  p r e s s u re  wave (McDonald, 1974, P164)
The v a l i d i t y  o f  th e  a p p l ic a t io n  o f  t h i s  te c h n iq u e  to  th e  a n a ly s i s  
o f  c i r c u la to r y  phenomena depends on th e  waves m easured s a t i s f y i n g  th e  
c r i t e r i o n  o f  p e r i o d i c i t y .  T h is  in v o lv e s  bo th  th e  r e g u l a r i t y  o f  th e  tim e 
p e r io d  o f  th e  wave and th e  e x is te n c e  o f  a " s te a d y  -  s t a t e " ,  i e .  
r e g u l a r i t y  o f  th e  wave sh ap e . Both th e s e  f a c t o r s  w ere in v e s t ig a t e d  in  
a n a e s th e t i s e d  dogs by A tt in g e r  e t  a l  (1 9 6 6 ). The v a r i a t i o n  in  ira te  ov er 
tim es  v a ry in g  from  10 m in u te s  to  4 h o u rs  was sm a ll and th e  s ta n d a rd  
d e v ia t io n  from th e  av e ra g e  freq u en cy  was 1 to  3%. A n a ly s in g  1 , 2 , 4 
and 8 c o n se c u tiv e  c y c le s  th e y  found th e  s ta n d a rd  e r r o r s  o f  th e  m agn itude
2 7 7
e r r o r  and in d ic a te d  th e  p re s e n c e  o f  a  s te a d y  s t a t e .  A f te r  d is tu rb a n c e s  
o f  th e  a r t e r i a l  system  th e  s te a d y  s t a t e  w i l l  have been reac h ed  a g a in  
by th e  end o f  th e  n e x t  norm al b e a t .  Thus t r a n s i e n t  i r r e g u l a r i t i e s  o f  
th e  h e a r t  b e a t  do n o t  a f f e c t  a n a ly s i s  o f  l a t e r  waves (McDonald, 1974,
P165)* T h is  i s  p ro b a b ly  due to  th e  h ig h  v is c o u s  damping in  th e  a r t e r i a l  
sy stem .
The a n a ly s i s  o f  c i r c u la t o r y  waves i s  u s u a l ly  perfo rm ed  by d i g i t a l
m ethods which r e q u i r e  th e  r e p r e s e n ta t io n  o f  th e  fu n c t io n  o f  i n t e r e s t  by a
number o f  d i s c r e t e  v a lu e s  r a th e r  th a n  a  co n tin u o u s  s ig n a l .  Thus th e
c o e f f i c i e n t s  A , A and B a re  approx im ated  by th e  sum o f  a  number o fo 7 n n
v a lu e s  r a th e r  th an  a, t r u e  i n t e g r a l  ( e q u a t io n s  4 , 5 and 6 )•  The
ap p ro x im atio n  o f  th e  i n t e g r a l  by K d i s c r e t e  v a lu e s  r e s t r i c t s  th e  number
VCo f  harm onics which can be d e te rm in ed  to  —* • Thus i f  N harm on ics a re
a.
ex p ec ted  to  be o f  i n t e r e s t  sam pling  th e o ry  r e q u i r e s  th e re  to  be 2N 
r e g u la r  sam ples in  th e  p e r io d .  However th e  r e p r e s e n ta t io n  by 2N 
d i s c r e t e  sam ples i s  s u b je c t  to  a n o th e r  form o f  e r r o r  known a s  a l i a s i n g  
o r  f o ld in g .
I f  th e re  a re  f r e q u e n c ie s  p r e s e n t  in  th e  s ig n a l ,  w hether t r u e  
s ig n a l  o r  n o is e ,  which a re  o u ts id e  th e  fre q u e n c y  ran g e  o f  i n t e r e s t  and 
so above th e  fre q u e n c y  a llow ed  by 2N sam p les , th en  th e  ap p ro x im a tio n  by 
summation w i l l  n o t  e q u a l 'th e  i n t e g r a l .  The c o e f f i c i e n t s  o f  th e  h arm on ics  
a re  co n tam in a ted  by com ponents o f  th e  h ig h e r  f re q u e n c y  s ig n a l s .  The 
c o e f f i c i e n t s  d e te rm in ed  a re  in  f a c t  g iv e n  by
A *  + ( « t i n g e r  e f a l ,  1966) ( 14 )
For exam ple, in  th e  case  where th e  h e a r t  r a t e  o r  fu n d am en ta l f re q u e n c y
i s  2 Hz and a n a ly s i s  i s  r e q u ir e d  to  10 h a rm o n ics , we m igh t u se  20 
sam p les . In  th e  p re se n c e  o f  m ains su p p ly  n o is e  a t  50 Hz which i s  th e  
25 th  harm onic o f  th e  h e a r t  r a t e ,  th e  am p litu d e  o f  th e  5 th  h arm on ic  i s
As  ■=• + " ( z o - s )  + A (26+ .s )  ( .4 -D - s )  +  * ( 4 0 + s ) " -  e J tt . ( 15)
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and t h a t  due to  th e  2 5 th , m ains fre q u e n c y , may be s i g n i f i c a n t .  To 
av o id  t h i s  i t  i s  n e c e s s a ry  to  ta^ke more sam p les . For th e  exam ple above 
i f  we ta k e  40 sam p les, th en  40-n  = 25 when n  = 15. Harmonics low er 
th an  th e  15 th  w i l l  th e n  be f r e e  o f  a l i a s in g  e r r o r s  due to  th e  m ains n o is e .
I t  i s  recommended t h a t  th e  number o f  sam ples in  th e  i n t e r v a l  sh o u ld  be 4 
tim es  th e  number o f  harm onics r e q u ire d  (G essn e r, 1972). The s m a l le s t  
number o f  sam ples in  th e  c a rd ia c  c y c le  in  th e  m easurem ents made on dogs 
was 31 and in  th o se  on p a t i e n t s  72, so p ro v id in g  p r o te c t io n  from t h i s  form o f  
e r r o r  to  th e  8 th  and 18 th  harm onic r e s p e c t iv e l y .  An a l t e r n a t i v e  method 
i s  to  f i l t e r  o u t a l l  s ig n a l s  above th e  h ig h e s t  f re q u e n c y  c o n s id e re d  
im p o r ta n t .  However, t h i s  may in tro d u c e  f u r th e r  p rob lem s o f  ch an n e l 
b a la n c e , and freq u en cy  re s p o n s e .
A p art from e r r o r s  due to  th e  number o f  sam ples th e re  may be e r r o r s
due to  th e  acc u racy  o f  th e  c o n v e rs io n  o f  th e  an a lo g  s ig n a l  to  d i g i t a l
form , a/ d c o n v e rs io n . No m a tte r  how good th e  m easurem ent a c c u ra c y  th e
co n v e rs io n  acc u racy  w i l l  l i m i t  th e  a c c u ra c y  o f  a n a l y s i s .  The co n v erse
6a ls o  a p p l i e s .  A 6 b in a ry  b i t  c o n v e r te r  h as  a p r e c i s io n  o f  ( J )  o r  1.5%
o f  th e  f u l l  in p u t  ra n g e . The u se  o f  c o n v e r te r s  w ith  g r e a t e r  p r e c i s io n
may be o f  no v a lu e  i f  th e  ana lo g u e  acc u racy  i s  no b e t t e r  th a n  1 %. With
th e  sm a ll p h ase  a n g le s  to  be m easured i t  sh o u ld  be n o te d  t h a t  even a t  1 Hz a  1 %
e r r o r  i s  e q u iv a le n t  to  3 .6 ° .  C onversion  by th e  a v e ra g e r  cou ld  be w ith  6
o r  9 b i t s .  The u se  o f  9 b i t s ,  a  p r e c i s io n  o f  0.2% o f  f u l l  s c a le ,  gave
much sm oother r e s u l t s  f o r  th e  im pedance p h a se .
A f u r t h e r  so u rce  o f  e r r o r  in  F o u r ie r  a n a ly s i s  i s  due to  e r r o r  in  th e  
m easurem ent o f  th e  p e r io d  even i f  i t  i s  r e g u la r .  Such an e r r o r  v i o l a t e s  
th e  d e f i n i t i o n  o f  a p e r io d i c  fu n c t io n  and th e  fre q u e n c y  spectrum  o b ta in e d  
w i l l  c o n ta in  in c o r r e c t  v a lu e s  o f  h a rm o n ics . The e r r o r s  in tro d u c e d  by 
a n a ly s in g  o v er an i n c o r r e c t  p e r io d  were d e te rm in e d  by A tt in g e r  e t  a l  (1966) 
who a n a ly se d  a p u re  s in e  wave assum ing p e r io d s  lo n g e r  and s h o r te r  th a n  
th e  a c tu a l  p e r io d .  When th e  a n a ly se d  p e r io d  and th e  a c tu a l  c y c le  tim e were •
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l a r g e r  th e  d i f f e r e n c e  betw een th e  two p e r io d s ,  th e  g r e a te r  became 
th e  s p u r io u s  h a rm o n ic s . T h e ir  r e s u l t s  a re  rep ro d u ced  in  f ig u r e  (1 1 5 ) . 
A n a ly s is  o f  a p e r io d  which i s  5% g r e a te r  than  th e  a c tu a l  p e r io d  
in t ro d u c e s  a second harm onic w ith  an am p litu d e  ab o u t 8% o f  th e  
fu n d am en ta l.
In  th e  d a ta  from  m easurem ents on dogs th e  p e r io d  m easured betw een 
th e  o n s e t  o f  s y s to le  in  c o n se c u tiv e  p r e s s u r e  waves n ev e r v a r ie d  by more 
than  one sam ple i e .  l e s s  than  l /3 0  x p e r io d  o r  3.5%. S im i la r ly  in  
p a t i e n t s  th e  e r r o r  in  d e te rm in in g  th e  c a rd ia c  c y c le  was n e v e r  more th an
e
2 p o in t s  in  a h u n d red , 2%. T h is  would p roduce  a sp u r io u s  second harm onic o f  
ab o u t 3% o f  th e  fu n d am en ta l, and n e g l ig ib l e  h ig h e r  h a rm o n ics .
When th e y  in v e s t ig a te d  th e se  so u rc e s  o f  e r r o r ,  in  m easurem ents 
on do g s, A tt in g e r  and h i s  c o l le a g u e s  found t h a t  th e  e r r o r s  due to  
f a u l t y  d e te rm in a tio n  o f  c y c le  le n g th  
sam pling te c h n iq u e  
a l i a s in g  
a/ d c o n v e rs io n
cou ld  a l l  be k e p t w ith in  th e  n o is e  l e v e l  o f  th e  m easuring  sy stem s i f  
re a s o n a b le  p r e c a u t io n s  were ta k e n .
D e r iv a tio n  o f  Impedance
Impedance i s  computed from  harm onic term s o f  p r e s s u r e  and f lo w  by 
th e  e q u a tio n s
*21 I -  —-------  ccv\cL  tp  **■ -G>~- — *$
1 1  \ o \  T
I t  depends on th e  assu m p tio n s  t h a t  an imposed s in u s o id a l  p r e s s u r e  
p ro d u ces  o n ly  one s in u s o id a l  f lo w  s ig n a l  a t  th e  same fre q u e n c y , and t h a t  
th e  am p litu d e  o f  th e  f lo w  s ig n a l  p roduced  b e a rs  a c o n s ta n t  r e l a t i o n s h i p  
to  th e  am p litu d e  o f  th e  p r e s s u re  s ig n a l ,  i e .  t h a t  th e  system  i s  l i n e a r .  
W h ils t a  F o u r ie r  s e r i e s  i s  a le g i t im a te  way o f  d e s c r ib in g  any p e r io d i c
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115) The m agnitude o f  s p u r io u s  harm onics in tro d u c e d  
by F o u r ie r  a n a ly s i s  o f  a s in u s o id a l  wave i f  th e  
p e r io d  a n a ly se d  does n o t  e q u a l th e  t r u e  p e r io d .  
(Redrawn from A tt in g e r  e t  a l ,  1966, page 29 6 ).
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l i n e a r  r e l a t i o n  betw een th e  two v a r i a b l e s .  I t  i s  a ls o  t r u e  t h a t  in  
a  l i n e a r  system , i f  a  d r iv in g  fu n c t io n  can be s e p a ra te d  in to  s e v e ra l  
p a r t s  (e g . F o u r ie r  h arm on ics) th e  re sp o n se  o f  th e  system  i s  e q u a l to  th e  
sum o f  th e  re sp o n s e s  due to  each  p a r t  ta k en  s e p a r a te ly .  The a r t e r i a l  
system  e x h ib i t s  c e r t a in  n o n - l i n e a r i t i e s ,  in  p a r t i c u l a r  th e  r e l a t i o n  
o f  f lo w  to  th e  p r e s s u r e  g r a d ie n t  g iv en  by th e  N a v ie r-S to k e s  e q u a t io n s  
in c lu d e s  n o n - l in e a r  te rm s . The e l a s t i c  b eh av io u r o f  th e  a r t e r i a l  w a ll 
i s  n o n - l i n e a r ,  i t  becomes more r i g i d  a s  i n t e r n a l  p r e s s u re  in c re a s e s *
I f  th e  e f f e c t  o f  th e se  f a c t o r s  i s  l e s s  th a n  th e  ir ia c c u ra c ie s  o f  th e  
system  o f  m easurem ent, th e  system  may be re g a rd e d  a s  l i n e a r .
I n v e s t ig a t io n s  in to  n o n - l i n e a r i t y  have been made by s e v e r a l  w o rk e rs .
The i n t e r a c t i o n - o f  f r e q u e n c ie s  was s tu d ie d  by A tt in g e r  e t  a l  (1966) who 
a p p lie d  a s in g le  s in u s o id a l  p r e s s u r e  wave to  th e  e x c ise d  a o r ta s  o f  dogs 
by means o f  a pump, and m o n ito red  p r e s s u re  a t  s e v e r a l  p o in t s  in  each  v e s s e l .  
They were u n ab le  to  d e t e c t  th e  p re se n c e  o f  any f r e q u e n c ie s  a p a r t  from  
th e  fu n d am e n ta l. A s im i la r  te c h n iq u e  was a p p lie d  by D ick  e t  a l  (1968) 
who used  two s in u s o id a l  pumps a t  d i f f e r e n t  f r e q u e n c ie s .  I f  th e  system  
i s  l i n e a r  th e re  w i l l  be no i n t e r a c t io n  betw een th e  two f r e q u e n c ie s .  At 
f re q u e n c ie s  which were n o t  co m b in a tio n s  o f  th e  two' d r iv in g  f r e q u e n c ie s
' i
th e y  co u ld  o n ly  d e t e c t  a m p litu d e s  2% o r  l e s s  o f  th e  in p u t  a m p litu d e . M iln o r 
e t  a l  (1 9 6 6 ), O 'Rourke and T ay lo r (1966) and N oble e t  a l  (1967) in v e s t ig a t e d  
im pedance s p e c tr a  p roduced  when th e  h e a r t  was made to  b e a t  a t  d i f f e r e n t  
r a t e s .  N e ith e r  th e  modulus n o r  th e  p h ase  was a l t e r e d  s i g n i f i c a n t l y  a t  
any fre q u e n c y  even though i t  was a d i f f e r e n t  term  in  th e  s e r i e s .  The 
v a lu e  o f  im pedance i s  u n a f fe c te d  by d i f f e r e n t  a m p litu d e s  o f  a p p l ie d  
p r e s s u r e .  (A tt in g e r  e t  a l ,  1966, Noble e t  a l ,  1967.). For a l l  p r a c t i c a l  
p u rp o ses  th e  r e l a t io n s h ip  betw een p r e s s u r e  and f lo w  in  th e  a r t e r i a l  system  
i s  l i n e a r .
A f u r th e r  c o n d itio n  f o r  th e  c a l c u la t io n  o f  im pedance i s  t h a t  p r e s s u r e  
and f lo w  a re  re c o rd e d  a t  th e  same s i t e .  T h is  i s  seldom  p h y s ic a l ly  p o s s ib le
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and th e  d is ta n c e  betw een m easuring  s i t e s  may v a ry  betw een 1 and 4 cm.
The r e s u l t i n g  e r r o r s  a re  m o s tly  in  th e  .phase o f  th e  im pedance, d ep en d en t on 
which tra n s d u c e r  i s  c lo s e r  to  th e  source,^  and th e y  may be c o n s id e ra b le  a t  
h ig h  f r e q u e n c ie s .  (W este rh o f and N o o rd e rg ra a f , 1970A). They gave a  
fo rm u la  f o r  c a lc u la t in g  th e  c o r r e c t  p h ase  i f  th e  a p p a re n t p h ase  v e l o c i ty  
i s  known, and v e r i f i e d  i t  u s in g  an ana lo g u e  m odel.
E a r ly  w orkers m easured flow  by h ig h  speed  cinem atography  (McDonald, 
1960) o r  by th e  p r e s s u r e  g r a d ie n t  te c h n iq u e  (Gabe e t  a l ,  1964) and 
perfo rm ed  t h e i r  c a l c u la t io n s  by m anual m ethods. As a  r e s u l t  m easurem ents 
were o f te n  made to  o n ly  3 o r  4 h a rm o n ics . The ad v en t o f  e le c tro m a g n e tic  
flo w m eters  and la b o ra to r y  com puters means t h a t  s tu d ie s  may now be 
u n d erta k en  which p r e v io u s ly  cou ld  n o t  even have been com tem plated . The 
freq u en cy  re sp o n se  o f  bo th  m easu ring  and r e c o rd in g  system s h a s  a ls o  
im proved a llo w in g  s tu d y  o f  th e  h ig h e r  f r e q u e n c ie s .
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P rev io u s  Impedance M easurem ents 
M easurem ents o f  a r t e r i a l  im pedance in  dogs were made by McDonald 
( i9 6 0 )  b u t  a t  t h a t  tim e th e  a c c u ra c y  was n o t  good and th e  freq u en cy  
ran g e  was l im i t e d .  E x te n s iv e  i n v e s t ig a t io n s  o f  im pedance in  dogs were 
re p o r te d  by O 'Rourke and T ay lo r (1966, 1967)* They found th a t  w ith  
in c re a s in g  freq u en cy  th e  m odulus o f  im pedance f a l l s  s h a rp ly  from  i t s  
v a lu e  a t  ze ro  fre q u e n c y  which i s  e q u iv a le n t  to  th e  r e s i s t a n c e  v a lu e .
A f te r  4 Hz i t  f a l l s  s lo w ly  and re a c h e s  a minimum a t  ab o u t 12 Hz when i t  i s  . 
o n ly  a  sm all f r a c t i o n  o f  th e  r e s i s t a n c e  v a lu e .  I t  th en  r i s e s  g ra d u a l ly  
to  ab o u t 20 Hz when i t  c e a se s  to  be s i g n i f i c a n t ,  f ig u r e  (1 1 6 )•  The p hase  
i s  zero  a t  zero  freq u en cy  and f a l l s  q u ic k ly  to  ab o u t -6 0 ° •  I t  c o n tin u e s  
a t  t h i s  l e v e l  to  ab o u t 8 Hz when i t  r i s e s  a g a in  to  re a c h  0° a t  12 Hz and 
th en  goes s l i g h t l y  p o s i t i v e .  They a ls o  p re s e n te d  e x te n s iv e  d a ta  on th e  
e f f e c t s  o f  v a s o d i l a t a t io n  and v a s o c o n s t r ic t io n ,  sm oothing o f  th e  cu rve 
and a  re d u c t io n  in  p h ase  w ith  d i l a t a t i o n  and th e  o p p o s ite  w ith  
va  so con s t r  i  c t io n  •
In p u t im pedance h a s  been s tu d ie d  in  th e  a o r t a  c lo s e  to  th e  h e a r t  
where i t  r e p r e s e n t s  th e  lo ad  which th e  c i r c u l a t i o n  p r e s e n ts  to  th e  l e f t  
v e n t r i c l e .  ( P a te l  e t  a l ,  1963, O 'Rourke and T a y lo r , 1967, Gabe e t  a l ,  1964, 
P a te l  e t  a l  1965A). Two s l i g h t l y  d i f f e r e n t  p a t t e r n s  a re  fo u n d , in  th e  
m a jo r i ty  o f  c a se s  th e  m odulus f a l l s  to  4 o r  5% o f  th e  r e s i s t a n c e  v a lu e  
by 3 o r  4 Hz and rem ain s  a lm o s t f l a t .  The p h ase  a t  low f r e q u e n c ie s  
i s  -6 0 °  r i s i n g  tow ards zero  a t  4 o r  5 Hz and u l t i m a t e l y •to  +50 o r  60°.
In  some c a se s  two d i s t i n c t  m inim a, w ith  an in te r v e n in g  maximum a r e  fo und . 
(O 'R ourke and T a y lo r , 1966, M il ls  e t  a l ,  1970).
The e f f e c t s  o f  a n a e s th e t i c  a g e n ts  on th e  a o r t i c  im pedance p a t t e r n  
h a s  been in v e s t ig a te d  by G ersch e t  a l  (1 9 7 2 ). They found th e  e f f e c t s  o f  
h a lo th a n e  n o t  to  be c o n s i s t e n t ,  p h e n y le p h rin e  in c re a s e d  th e  r e s i s t a n c e  
term  b u t  had l i t t l e  e f f e c t  on th e  o s c i l l a t o r y  te rm s w h ile  tr im e ta p h a n  
d e c re a se d  th e  r e s i s t a n c e  term  and produced  a m odera te  in c re a s e  in  o s c i l l a t o r y  
com ponents.
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F ig , ( 116) The v a r i a t i o n  w ith  freq u en cy  o f  th e  m odulus and
p h ase  o f  im pedance m easured in  .the  common fem o ra l 
a r t e r y  o f  th e  dog u nder norm al c o n d i t io n s .
(Redrawn from O’Rourke and T a y lo r, 1966, page 131) •
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The im pedance o f  th e  pulm onary c i r c u l a t i o n  h a s  been s tu d ie d  in  
c a t s  (B ax te r and P e a rc e , 1951), th e  r a b b i t  (E n g leb erg  and D ubois, 1959,
Caro and McDonald, 196 l) and th e  dog ( P a te l  e t  a l ,  1963, B e rg e l and M iln o r, 
1965, M ilnor e t  a l ,  1966). • The r e s u l t s  shoved a minimum in  th e  am p litu d e  
fo llo w ed  by a  maximum. The work o f  M ilnor e t  a l  (1966) on a s e r i e s  o f  29 
dogs was p a r t i c u l a r l y  tho rough  and a ls o  showed th a t  th e  v a lu e  o f  th e  
im pedance a t  a g iven  freq u en cy  was in d e p en d en t o f  th e  h e a r t  r a t e .  The 
p a t t e r n  in  man was found to  be s im i la r  to  t h a t  in  th e  dog and th e  r a b b i t  
(M ilnor e t  a l ,  1969, 1972).
2 8 6
C o n tr ib u tio n  o f  th e  P re s e n t Work 
There have been many e x te n s iv e  in v e s t ig a t io n s  o f  th e  e f f e c t  o f  s te n o s e s  
on b lood  flow  in  a r t e r i e s .  M a th em atica l, h y d r a u l ic  and an im al m odels 
have been u se d . ( F o r r e s te r  and Young, 1970, Cheng e t  a l ,  1972, 1973,
D aly , 1976, Roth e t  a l ,  1976, Deshpande e t  a l ,  1976, W eale, 1964, Byar e t  
a l ,  1965, R eul e t  a l ,  1972, Kim and C orco ran , 1973, Young and T s a i ,
1973A, B, C la rk , 1976, S ee ley  and Young, 1976, May e t  a l ,  1963, F id d ia n  
e t  a l ,  1964, Van de B erg e t  a l ,  1964, K e itz e r  e t  a l ,  1965, B erguer and 
Hwang, 1974, Young e t  a l ,  1975, F o l t s  e t  a l ,  1975). S tu d ie s  on human 
a r t e r i e s  have a ls o  been made (B r ic e  e t  a l ,  1964, Logan, 1975). The 
s te n o s e s  employed v a r ie d .  E x te rn a l t i e s ,  c lam ps, r e c ta n g u la r  p lu g s  and 
co n to u red  s te n o s e s  have been u se d . Few o f  th e se  s tu d ie s  have le d  to  
t e s t s  o f  d ia g n o s t ic  v a lu e  in  p a t i e n t s .  Kim and C orcoran (1973) su g g e s te d  
th a t  p r e s s u r e  r a t i o  and p h ase  d i f f e r e n c e  would be o f  c l i n i c a l  v a lu e ,  
w h i ls t  o th e r s  have recommended p r e s s u r e  g r a d ie n t  p r  p a t t e r n s  o f  f lo w  
(D aly , 1976, F o l t s  e t  a l ,  1975).
I t  was n o t  o u r p u rp o se  to  f in d  a method to  d e te rm in e  th e  geom etry  
o f  s te n o s e s .  The p u rp o se  was to  i n v e s t i g a t e  th e  v a lu e  o f  h y d r a u l ic  
im pedance f o r  q u a n t i t a t in g  th e  e f f e c t s  o f  a s t e n o s i s .  The com parison  w ith  
o th e r  in d ic e s  was a tte m p te d  in  o rd e r  to  gauge t h e i r  r e l a t i v e  s e n s i t i v i t y  
to  s t e n o s i s ,  n o t  a s  a com prehensive s tu d y  o f  eac h .
The m easurem ents o f  im pedance made under norm al c o n d i t io n s  in  th e  
fem o ra l a r t e r y  o f  th e  dog showed c o n s id e ra b le  v a r i a t i o n .  The mean v a lu e  
was n o t ic e a b ly  h ig h e r  th an  th a t  r e p o r te d  by O’Rourke and T a y lo r (1 9 6 6 ).
W hile th e  r e s u l t s  o f  th e  e x p e rim en ts  w ith  b lo c k  and o r i f i c e  s te n o s e s  
showed no s i g n i f i c a n t  e f f e c t  on im pedance th e  ex p e rim en ts  w ith  th e  t i e  
s te n o s is  in d ic a te d  th a t  r e d u c t io n s  in  a re a  o f  o n ly  30% produced  s i g n i f i c a n t  
changes in  im pedance a t  th e  t h i r d  harm on ic . The h ig h e r  f r e q u e n c ie s  a re  
s e n s i t i v e  to  s m a lle r  r e d u c t io n s  in  a r e a .  The r e s i s t a n c e  o f  a  s t e n o s i s  
was c l e a r l y  r e l a t e d  to  i t s  le n g th  and f o r  a se v e re  c o n s t r i c t i o n  th e  
im pedance modulus i s  s i g n i f i c a n t l y  a f f e c te d  by th e  le n g th  o f  c o n s t r i c t i o n .
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damping o±' cne p r e s s u r e  wave i s  axso s e i i s i u v e  uu  c u n b L x n j i J L u i i .
Though th e  ex p erim en ts  on th e  an im al model su g g e s t t h a t  in p u t 
im pedance cou ld  be a  good in d i c a to r  o f  a r t e r i a l  o b s t r u c t io n  th e  con­
c lu s io n s  drawn a re  l im i te d  by s e v e r a l  f a c t o r s .  S ince  o n ly  th r e e  a n im a ls  
were used  each  ex p erim en t was o n ly  perfo rm ed  o n ce . The s t a t i c  a c c u ra c y  
o f  th e  f lo w  p ro b e s  shou ld  have been good on th e  h e a l th y  a r t e r i e s  o f  th e  
dog b u t th e r e  was no dynam ic c a l i b r a t i o n .  S ince  th e  flow m eter used  f o r  th e se  
ex p erim en ts  was th e  same model a s  t h a t  used by C a lv e r t  e t  a l  (1975) th e  
fre q u e n c y  re sp o n se  ex p ec ted  i s  shown in  f ig u r e  (1 *)7) • The dynam ic 
re sp o n se  o f  th e  p r e s s u re  system  was n o t  known though th e  u se  o f  
c o m p a ra tiv e ly  s h o r t ,  wide c a th e te r s  l i m i t s  th e  e r r o r s  to  re a s o n a b le  l e v e l s .  
The sm all am p litu d e  o f  th e  h ig h e r  harm on ics o f  p r e s s u re  and flo w  and th e  
a c c u ra c y  o f  th e  d i g i t i s i n g  method r e s t r i c t  th e  an im al model f o r  th e  s tu d y  
o f  im pedance ch anges. The h ig h  h e a r t  r a t e  in  th e  dogs le a v e s  la r g e  gaps 
in  th e  im pedance spectrum  computed from  th e  h a rm o n ics . T here were a ls o  
in a c c u ra c ie s  in  th e  m easurem ent o f  th e  i n t e r n a l  d ia m e te r  o f  th e  a r t e r y  
which were n o t  r e s o lv e d .
The h y d ra u l ic  model was an im provem ent on th e  an im al model s in c e  th e  
acc u racy  o f  m easurem ent was b e t t e r  th a n  th a t  o b ta in e d  in  th e  d o g s .
C an n u la tin g  flo w  p ro b es  w ith  sm all s e n s i t i v i t y  change, were used  and 
c a l ib r a t e d  by c o l l e c t io n  on each o c c a s io n . M easurem ents o f  f lo w  w ith  a 
c a n n u la tin g  p ro b e  a re  re p ro d u c ib le  to  ap p ro x im a te ly  1 %, (D edichen , 1974 ).
The s e n s i t i v i t y  o f  th e  two c a n n u la tin g  p ro b e s  used  showed s ta n d a rd  
d e v ia t io n s  o f  4.5% and 6.1% o f  th e  mean v a lu e  (T ab le  4 ) .  With th e  p r e s s u r e  
n e e d le s  connec ted  d i r e c t l y  to  th e  t r a n s d u c e r s  th e  e r r o r  in  am p litu d e  was 
o n ly  1.5% a t^ lO  Hz and th e  e r r o r  in  p h ase  o n ly  2° ( f ig u r e  9 )•
r
The d im ensions o f  th e  tu b e  and s te n o s e s  were a l s o  known a c c u r a te ly  
and i t  was p o s s ib le  to  p roduce  p r e s s u r e  and f lo w  waves o f  s i g n i f i c a n t  
am p litu d e  a t  any fre q u e n c y  o f  i n t e r e s t  in  th e  ra n g e .
The s im u la tio n  o f  a r e a l  a r t e r y  by a un ifo rm  ru b b e r  tu b e , w h ile  an 
im provement on a r i g i d  tu b e  m odel, i s  an a p p ro x im a tio n . The changes which
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F i g .  (117)  Comparison o f  a m p l i t u d e  r e s p o n s e  d e t e r m i n e d  by 
. t h e  s t e p  r e s p o n s e  method w i th  t h e  r e s u l t s  o f  
-C a lve r t  e t  a l ,  1975.
P r e s e n t  s t u d y  X. = 5Hz, O = 15Hz, ft = 50Hz 
C a l v e r t  e t  a l  ® = 6Hz, 'tSl = 12Hz, 0  = 50Hz
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o ccu r in  th e  dynam ic m ech an ica l p r o p e r t i e s  o f  an a r te r y ' when i t  i s  
a f f e c te d  by a r t e r i o s c l e r o s i s  would be a lm o s t im p o ss ib le  to  m odel.
I f  th e  e l a s t i c  m odulus were com plex, c o n s is t in g  o f  s to ra g e  and lo s s  com ponents 
w ith  freq u en cy  d ep en d en t m ag n itu d e , th e  u se  o f  a sim ple  e l a s t i c  tu b e  would 
d im in ish  th e  lo s s e s  which o c c u r .  T h is would l i m i t  th e  u s e fu ln e s s  o f  th e  model 
f o r  th e  s tu d y  o f  changes in  w a ll s t i f f n e s s .
The u se  o f  m e th y lc e l lu lo s e  s o lu t io n  a s  a s u b s t i t u t e  f o r  b lood  i s  a ls o  
an ap p ro x im a tio n . S in ce  i t  e x h ib i t s  N ew tonian b eh av io u r i t  can n o t 
be a good ap p ro x im atio n  a t  a l l  sh e a r r a t e s ,  b lood  h ay in g  a much in c re a s e d  
v i s c o s i t y  a t  low s h e a r .  The r a t e s  o f  sh e a r  e n co u n te red  in  th e  model 
a re  such th a t  a t  s im i la r  r a t e s  th e  sh e a r  s t r e s s / s h e a r  r a t e  cu rve  f o r  b lood 
would be l i n e a r ,  so a c e l lu lo s e  s o lu t io n  w ith  a v i s c o s i t y  o f  4*0 cps i s  
a  re a s o n a b le  com prom ise. Such a f l u i d  would n o t  be a good m odel in  o th e r  
s i t u a t i o n s ;  f o r  exam ple in  sm a ll b lood  v e s s e l s .  I t  i s  a l s o  p o s s ib le  
th a t  m e th y lc e l lu lo s e  i s  a s o lu t io n  o f  po lym ers which may in  i t s e l f  be 
e l a s t i c  under c o n d i t io n s  o f  p u ls a t in g  f lo w . I f  t h i s  were so th e  s o lu t io n  
m igh t be c ap a b le  o f  energy  s to ra g e  depend ing  on th e  s iz e  o f  th e  m o le c u le s .
The e l im in a t io n  o f  e n tra n c e  le n g th  e f f e c t s  and r e f l e c t i o n s  i s  a 
m is r e p re s e n ta t io n  o f  th e  s i t u a t i o n  in  human a r t e r i e s  and was done in  o rd e r  
to  ach ie v e  c o n t ro l le d  e x p e rim e n ta l c o n d i t io n s .  The s im p l i f i c a t i o n s  a llow ed  
in v e s t ig a t io n s  to  be made o f  s i t u a t i o n s  which c a n n o t be in v e s t ig a te d  
o r  a n a ly se d  e a s i l y  in  p a t i e n t s .
The s te n o s e s  them se lv es  were i d e a l i s e d ,  th e y  r e p r e s e n t  a  r e c t a n g u la r ,  
u n ifo rm , s in g le  o b s t r u c t io n  which i s  u n l ik e ly  to  o ccu r in  a r t e r i o s c l e r o s i s .  
C ontoured s te n o s e s  have been used  in  m a th em a tic a l s tu d ie s  and h y d r a u l ic  
m odels and c a s t s  o f  o b s tru c te d  a r t e r i e s  in  o th e r s ,  ( F o r r e s t e r  and Young,
r
1970, D aly , 1976, Deshpande e t  a l ,  1976, Young and T s a i ,  1973A, B,
B ric e  e t  a l ,  1964f Logan, 1975 ). The d i s c o n t in u i t y  in  th e  w a ll c r e a te d  
by th e  in c lu s io n  o f  a  s te n o s i s  h o ld e r  a l s o  a f f e c t s  lo n g i tu d in a l  f o r c e s .
With th e  d e l ib e r a t e  rem oval o f  d i s t a l  r e f l e c t i o n s  th e  im pedance 
m easured i s  th e  c h a r a c t e r i s t i c  im pedance o f  th e  tu b e .  S ince  no c o r r e c t io n s
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were made f o r  th e  fre q u e n c y  re sp o n se  o f  th e  m easuring  sy stem s, th e  s l i g h t  
r i s e  o b serv ed  in  th e  im pedance o f  th e  u n r e s t r i c t e d  tube  may be due to  th e  f a l l  
in  am p litu d e  re sp o n se  o f  th e  flow m eter a t  th e  h ig h e r  f r e q u e n c ie s .  I t  was 
shown t h a t  th e  im pedance i s  a f f e c te d  by bo th  d ia m e te r  and le n g th  o f  
s te n o s is  and t h a t  in  th e  absence o f  r e f l e c t i o n s  th e  changes a re  m ost 
marked a t  low f r e q u e n c ie s .
The e f f e c t  o f  in c re a s in g  th e  v i s c o s i t y  was to  in c re a s e  th e  im pedance • 
s l i g h t l y  b u t a s  s te n o s e s  became more se v e re  th e  e f f e c t  was l e s s  n o t i c e a b le .
The changes in  v i s c o s i t y  used  were ex tre m e ly  la rg e  compared w ith  th o se  
ex p ec ted  in  p a t i e n t s  so t h a t  th e  e f f e c t  o f  v i s c o s i t y  on c l i n i c a l  im pedance 
m easurem ents i s  n o t  l i k e l y  to  be s i g n i f i c a n t  o f  i t s  own a c c o rd . However 
i t  may be a s s o c ia te d  w ith  h a e m a to c r i t  changes which w i l l  a f f e c t  th e  •• 
s e n s i t i v i t y  o f  th e  flow m eter and hence th e  im pedance m easured .
The o s c i l l a t o r y  p r e s s u r e  r a t i o  and th e  a d m itta n c e , th e  in v e rs e  o f  
im pedance, were shown to  be th e  m ost s e n s i t i v e  in d ic e s  o f  th e  e x te n t  o f  
c o n s t r i c t i o n .  Energy lo s s  a s  a  p e rc e n ta g e  o f  in p u t  en erg y  m igh t a l s o  be a 
u s e f u l  in d e x  b u t i t  i s  n o t  a s  s e n s i t i v e  a s  a d m itta n c e  and more v a r i a b le s  
m ust be m easured making th e  c l i n i c a l  a p p l ic a t io n  more d i f f i c u l t .
C l in ic a l  c o n s id e ra t io n s  mean t h a t  th e  m easuring  system s used  f o r  
p a t i e n t s  do n o t  have th e  s im p l ic i ty  and th e r e f o r e  a cc u racy  t h a t  can be 
a ch iev ed  in  model s tu d ie s ;  p r e s s u r e  m ust be m easured v ia  a  c a th e te r  and 
f lo w  p ro b e s  m ust be o f  th e  c u f f  ty p e . Some d is c u s s io n  o f  m easu rin g  system s 
f o r  u se  in  p a t i e n t s  fo l lo w s .
M easurem ent o f  A r t e r i a l  P re s su re  in  P a t i e n ts
M easurem ents o f  p r e s s u r e  w ith in  an a r t e r y  a re  u s u a l ly  made th ro u g h  a 
c a th e te r  f i l l e d  w ith  a  l i q u id  and connec ted  to  a m anom eter. A t o p e ra t io n  
th e  a r t e r y  i s  p u n c tu re d  by a h o llo w  n e e d le  on th e  end o f  a  l a r g e r  d ia m e te r  
c a t h e t e r .  Most o f  th e  s tu d ie s  o f  ca th e te r-m an o m ete r system s have been 
made w ith  c a th e te r s  a lo n e , r a th e r  th a n  a  com bination  o f  n e e d le  and 
c a t h e t e r .
The p r e s s u re  wave in  an a r t e r y  i s  d i s t o r t e d  in  tr a n s m is s io n  to
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Changes in  p r e s s u r e  th e n  p roduce  movement o f  th e  f l u i d  in  th e  sy stem .
Both t h e o r e t i c a l  a n a ly se s  and e x p e rim e n ta l s tu d ie s  o f  t h i s  d i s t o r t i o n  
have been made to  d e te rm in e  th e  a c c u ra c y  o f  such m easurem ents.
Two m ethods o f  d e te rm in in g  th e  c h a r a c t e r i s t i c s  o f  t h i s  ty p e  o f  
system  have been p rop o sed  and a r e  commonly r e f e r r e d  to  a s  th e  ’'fo rc e d  
o s c i l l a t i o n s "  method and th e  " f r e e  v ib r a t io n "  m ethod. The f i r s t  assum es 
o n ly  t h a t  th e  system  i s  l i n e a r  w h ile  th e  second assum es th e  v a l i d i t y  o f  
a p a r t i c u l a r  t h e o r e t i c a l  a n a l y s i s ,  in  which th e  c a th e te r  manometer system  
h a s  a s in g le  d eg ree  o f  freedom .
In  th e  fo rc e d  o s c i l l a t i o n s  method o s c i l l a t i n g  p r e s s u r e s  o f  known 
am p litu d e  and v a r ia b le  freq u en cy  a re  a p p l ie d  a t  th e  c a th e te r  in p u t  and th e  r 
manometer o u tp u t n o te d  f o r  f r e q u e n c ie s  in  th e  ran g e  o f  i n t e r e s t  
( f ig u r e  118) .  When in c id e n t  waves a r e  r e p e a te d  t h i s  method more c lo s e ly  
re se m b le s  th e  p h y s io lo g ic a l  s i t u a t i o n  than  th e  f r e e  v ib r a t io n  te c h n iq u e . The 
method depends on an a c c u ra te  knowledge o f  th e  f re q u e n c y , am p litu d e  and 
p h ase  o f  th e  a p p l ie d  p r e s s u r e .  I t  a l s o  depends on th e  assu m p tio n  t h a t  th e  
system  i s  l i n e a r ,  i e .  in p u t  waves o n ly  p roduce  o u tp u t waves o f  th e  same 
fre q u e n c y .
There a re  two commonly used  m ethods f o r  p ro d u c in g  a s in u s o id a l  p r e s s u r e  
wave, in  one an o s c i l l a t i n g  p i s to n  d r iv e n  by a m otor p ro d u ces  waves 
in  a f l u i d  f i l l e d  cham ber. (Y anof e t  a l ,  1963, B a l l  and Gabe, 1963,
Asmussen e t  a l ,  1975)# There a re  two m ajo r d raw backs, in  such a 
m ech an ica l system  i t  i s  d i f f i c u l t  to  p roduce  f r e q u e n c ie s  a s  h ig h  a s  100 Hz, 
and th e  movement o f  a p i s to n  p ro d u ces  a  s in u s o id a l  f lo w . The p r e s s u r e  
wave p roduced  depends on th e  c a p a c ita n c e  o f  th e  chamber and th e  volume 
d isp la c e m e n t o f  th e  p i s to n .  To p roduce  an a c c u ra te  s in u s o id a l  movement 
w ith  v e ry  l i t t l e  s t ro k e  can be d i f f i c u l t .  The o th e r  method i s  to  e x c i ter
a membrane w ith  a  s in u s o id a l  s ig n a l ,  a s  in  a loud  sp e a k e r sy stem . The
membrane i s  in c lu d e d  in  th e  w a ll o f  a f l u i d  f i l l e d  chamber a s  b e fo re
(N oble, 1959, V ie rh o u t and V en d rik , 1961, S t e g a l l ,  1967, A r d i l l  e t  a l ,
1967, S h e lto n  and W atson, 1968, S h ap iro  and K rovetz , 1970 ). By th e  u se
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F ig . (118) Frequency c h a r a c t e r i s t i c s  o f  a  manometer system  
s u b je c t  to  fo rc e d  o s c i l l a t i o n s  o f  u n i t  a m p litu d e  
fo r  v a r io u s  c o n d it io n s  o f  dam ping.
The damping i s  shown f o r  each cu rv e  a s  a f r a c t i o n  
o f  c r i t i c a l  dam ping. The r e l a t i v e  f r e q u e n c y ,S-V - 
i s  th e  r a t i o  o f  th e  d r iv in g  freq u en cy  to  th e  
undamped n a t u r a l  f re q u e n c y .
(Redrawn from McDonald, 1974, page 178, 17 9 ). 
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o f  a s t i f f  membrane th e  volume d isp la c e m e n t o f  th e  system  can be 
red u ced  tow ards t h a t  due to  th e  c o m p re s s ib i l i ty  o f  th e  f l u i d .  Much 
h ig h e r  f re q u e n c ie s  a re  o b ta in a b le  th a n  w ith  p i s to n ’ a s s e m b lie s .
Both m ethods p roduce  in c o n s i s t e n t  a m p litu d e  p r e s s u re  waves and th u s  
n e c e s s i t a t e  th e  u se  o f  a m o n ito r in g  t r a n s d u c e r  in  th e  chamber o f  th e  
pump. We used  th e  f i r s t  te c h n iq u e , th e  p i s to n  b e in g  d r iv e n  by a  sc o tc h  
yoke assem bly  ( f ig u r e  5 8 ) . The maximum fre q u e n c y  which co u ld  be produced  
was o n ly  11 Hz. The m o n ito r in g  tr a n s d u c e r  was a ls o  f i t t e d  w ith  a n e e d le  
so t h a t  th e  c h a r a c t e r i s t i c s  d e r iv e d  r e p r e s e n t  m e re ly  th e  e f f e c t  o f  th e  
c a th e te r  and n o t  th o se  o f  th e  com plete  sy stem .
In  th e  f r e e  v ib r a t io n  method th e  s im p le s t  form  o f  a n a ly s i s  re g a rd s  th e  
ca th e te r/m a n o m e te r  system  a s  a mass o f  f l u i d  w ith in  th e  c a t h e t e r  coup led  
to  an e l a s t i c  d iaphragm , a system  which im p lie s  t h a t  re so n a n c e  w i l l  o ccu r 
u n le s s  some form o f  damping e x i s t s .  Damping may be p ro v id e d  by v is c o u s  
lo s s e s  when th e  f l u i d  a t te m p ts  to  move in  re sp o n se  to  th e  a p p l ie d  p r e s s u r e ,  
(F ran k , 1903, Hansen, 1949, McDonald, 1960). I f  th e  system  i s  l i n e a r  
th e  re sp o n se  to  a p p l ie d  p r e s s u r e ,  o b se rv ed  in  th e  tim e dom ain, can be d i r e c t l y  
r e l a t e d  to  the- re sp o n se  o f  th e  system  in  th e  fre q u e n c y  dom ain.
I t  i s  p o s s ib le  to  d e te rm in e  th e  e f f e c t  o f  such a m easu rin g  system  on 
o s c i l l a t i n g  p r e s s u r e s  a t  d i f f e r e n t  f re q u e n c ie s  by o b se rv in g  th e  o u tp u t  
o f  th e  system  when a  u n i t  s te p  o f  p r e s s u re  i s  a p p l ie d ,  th e  s te p  re s p o n s e .
I f  a s te p  o f  p r e s s u re  i s  a p p l ie d  to  a manometer system  th e  o u tp u t  w i l l  
r i s e  tow ards th e  l e v e l  o f  th e  in p u t  s te p  b u t may o v e rsh o o t and o s c i l l a t e  
ab o u t t h i s  l e v e l .  I f  th e re  i s  no damping in  th e  system  i t  w i l l  o s c i l l a t e  
i n d e f i n i t e l y .  In  th e  p re se n c e  o f  damping th e  o s c i l l a t i o n s  g r a d u a l ly  
d im in ish  and th e  o u tp u t s e t t l e s  a t  th e  l e v e l  o f  th e  in p u t .  I f  th e  damping 
i s  se v e re  o s c i l l a t i o n s  may be t o t a l l y  su p p re sse d  and th e  o u tp u t w i l l  r i s e  
s lo w ly  to  th e  in p u t l e v e l ,  f ig u r e  (1 1 9 )•
From th e  fre q u e n c y  o f  o s c i l l a t i o n s  and th e  speed  w ith  w hich th e y  
d im in ish  i t  i s  p o s s ib le  to  c a l c u la te  th e  re s o n a n t  fre q u e n c y  and dam ping 
o f  th e  com plete  sy stem . For l i n e a r ,  s in g le  d e g re e  o f  freedom  sy stem s 
t h i s  in fo rm a tio n  may be used  to  d e r iv e  th e  e r r o r  in  o u tp u t  s ig n a l  a t  any
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freq u en cy  w ith  r e s p e c t  to  b o th  am p litu d e  and p h ase  (H ansen, 1949,
McDonald, 1960, Gabe, 1972, McDonald, 1974).
The e r r o r s  in  am p litu d e  and p h ase  f o r  th e  com plete  m easuring  
sy stem , d e r iv e d  by t h i s  method were 5% and 5° r e s p e c t iv e ly  a t  10 Hz, 
f ig u r e  ( 9 ) .
S e v e ra l assu m p tio n s  have been made in  d e s c r ib in g  th e  c a th e te r , /  
manometer system  in  t h i s  way and e x te n s iv e  r e p o r t s  have been made on 
th e  e f f e c t  o f  th e se  assu m p tio n s  on th e  r e l i a b i l i t y  o f  th e  " f r e e  v ib r a t io n "  
te c h n iq u e . A summary o f  th e  f in d in g s  i s  p re s e n te d  in  A ppendix (1 0 ) .
The u se  o f  th e  f r e e  v ib r a t io n  method to  d e te rm in e  f re q u e n c y  
c h a r a c t e r i s t i c s  depends on th e  s in g le  d eg ree  o f  freedom  system . One 
ad v an tag e  o f  t e s t i n g  system s w ith  a  s in u s o id a l  g e n e ra to r  i s  t h a t  p r e c i s e  
c o r r e c t io n s  can be d e te rm in ed  f o r  am p litu d e  and p h ase  d i s t o r t i o n  o v e r th e  
re q u ire d  r a n g e ’ w ith o u t th e  s in g le  d eg ree  a s su m p tio n .: In  s in g le  d e g re e
sy stem s, th e  a l t e r n a t i v e  m ethods o f  fo rc e d  o s c i l l a t i o n  and f r e e  v ib r a t io n  
c o n ta in  th e  same amount o f  in fo rm a tio n  and r e l a t i v e l y  s im p le  m athem atics  
can be used  to  t r a n s f e r  th e  r e s u l t  from  one method to  th e  o th e r .
The v a l i d i t y  o f  th e  in terchange^  h as  been d em o n stra ted  by a  d i r e c t  
com parison  o f  th e  r e s u l t s  o f  c a l i b r a t i o n  perfo rm ed  on th e  same system  by 
b o th  te c h n iq u e s  (Asmussen e t  a l ,  1975). In  a c a l i b r a t i o n  d e v ic e  
c o n s tru c te d  e s p e c i a l l y  f o r  c l i n i c a l  u se  a f l u i d  f i l l e d  c a th e te r  and a 
c a th e te r  t i p  d e v ic e  w ith  a  h ig h  fre q u e n c y  re sp o n s e  were c a l ib r a t e d  to g e th e r  
w ith  a  s in e  wave g e n e ra to r  and im m ed ia te ly  a f te rw a rd s  by th e  p r e s s u r e  s te p  
te c h n iq u e . The freq u en cy  re sp o n se  o f  th e  f l u i d  f i l l e d  c a th e te r  was 
d e r iv e d  from th e  o s c i l l a t o r y  re sp o n se  and used  to  p r e d i c t  th e  re sp o n se  
o f  th e  system  to  a s te p  in p u t .  The m easured and p r e d ic te d  s te p  re sp o n se  
showed e x c e l le n t  ag reem en t. They a ls o  concluded  th a t  th e  s in g le  d e g re e  o f  
freedom  ap p ro x im atio n  was f u l l y  j u s t i f i e d  f o r ' c l i n i c a l  p u rp o s e s .  They 
chose th e  s te p  re sp o n se  a n a ly s i s  f o r  dynam ic c a l i b r a t i o n  s in c e  i t  was 
e a s i e r  to  p e rfo rm  in  th e  c l i n i c a l  env ironm en t and gave in fo rm a tio n  to  
h ig h e r  f r e q u e n c ie s  th an  were a t t a in a b le  w ith  th e  p i s to n  o s c i l l a t o r .
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a s im p le  te c h n iq u e  u s in g  a m ag n e tic  f l u i d  a s  th e  o s c i l l a t i n g  diaphragm  
cap a b le  o f  p ro v id in g  a t  l e a s t  300 Hz (Hok, 1976). In  an a t te m p t to  
p roduce  a  c l i n i c a l l y  a c c e p ta b le  dynam ic c a l i b r a t i o n  p ro ced u re  Hok a ls o  
m o d ified  th e  s te p  te c h n iq u e  o f  Hansen and McDonald and made p a r a l l e l  
d e te rm in a tio n s  o f  re so n an ce  fre q u e n c y  and damping u s in g  th e  two m ethods.
The c o r r e l a t i o n  o f  re so n a n c e  f r e q u e n c ie s  was v e ry  good w h ile  t h a t  f o r  
th e  damping f a c t o r s  was r a t h e r  p o o r , w ith  th e  o s c i l l a t o r  method te n d in g  
to  p roduce  h ig h e r  v a lu e s  th an  th e  s te p  m ethod. I t  was u n c e r ta in  w hether th e  
sm all d i f f e r e n c e  in  re so n an ce  f r e q u e n c ie s  was due to  th e  l im i te d  number o f
d e te rm in a tio n s  o r  a d e v ia t io n  from th e  s in g le  d eg ree  o f  freedom  m odel.
In  s p i t e  o f  th e  ex tended  fre q u e n c y  ran g e  o fx f iis  b e a u t i f u l l y  s im p le  
o s c i l l a t o r  m ethod, Hok recommended th e  m o d ified  p r e s s u r e  s te p  method f o r  
c l i n i c a l  u s e .  *
W h ils t th e re  may be some argum ent ab o u t c a th e te r/m a n o m e te r  th e o ry  i t  
i s  c l e a r  t h a t  a s  th e  freq u en cy  to  be m easured in c r e a s e s  th e re  i s  a
s i g n i f i c a n t  in c re a s e  in  re c o rd e d  a m p litu d e , a re s o n a n c e , w ith  accom panying
phase  d e la y ,  f ig u r e  (118) • The a t ta in m e n t o f  a h ig h  re s o n a n t  fre q u e n c y  i s
th e re f o r e  im p o r ta n t .  For th e  g r e a t ly  underdam ped system s in  common use  th e
re s o n a n t freq u en cy  shou ld  be g r e a t e r  th a n  f iv e  tim es  th e  h ig h e s t  f re q u e n c y  
c o n s id e re d  f o r  th e  am p litu d e  e r r o r  to  be sm a ll (Y anof e t  a l ,  1963, Gabe, 
1972). I f  th e  damping f a c t o r  i s  a ls o  low th e  p h ase  d e la y  o v er th e  low  
freq u en cy  ran g e  i s  sm a ll and l i n e a r .  I f  th e  n a t u r a l  r e s o n a n t fre q u e n c y  
o f  th e  r e c o rd in g  system  does n o t  m eet th e se  s p e c i f i c a t i o n s  s e v e r a l  means 
o f  c o r r e c t io n  a re  a v a i l a b l e ,  ( s e e  A ppendix 1 0 ) . A f u r th e r  so u rc e  o f  e r r o r  in  
p r e s s u re  m easurem ent i s  th e  p r e s s u r e  due to  th e  v e l o c i ty  o f  th e  f l u i d .
The p r e s s u re  in  a f l u i d  a t  r e s t  i s  th e  f o r c e  p e r  u n i t  a r e a  e x e r te d  on
th e  w a lls  by th e  f l u i d ,  th e  l a t e r a l  p r e s s u r e .  T h is  i s  u n ifo rm  th ro u g h o u t 
th e  f l u i d  and may be m easured v ia  a c a th e te r  o r  n e e d le  p la c e d  in  th e  f l u i d .
I f  th e  f l u i d  i s  moving th e  p r e s s u r e  re c o rd e d  th ro u g h  a c a th e te r  may n o t  
be th e  same a s  th a t  a t  th e  w a ll o f  th e  v e s s e l  dep en d in g  on th e  o r i e n t a t i o n
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o±‘ tn e  se n s in g  e lem en t to  tn e  n o w  a i r e c u o n .  i r  an open enaea ca trie Lex­
i s  p la c e d  in  an a r t e r y  so a s  to  l i e  a lo n g  th e  d i r e c t i o n  o f  f lo w , b lood  
flo w in g  a g a in s t  th e  end e x e r t s  an im pact fo rc e  on th e  f l u i d  in  th e  
c a t h e t e r .  T h is  im p ac t fo rc e  depends on th e  k i n e t i c  en erg y  and hence th e  
v e lo c i ty  o f  th e  b lood  in  th e  re g io n  o f  th e  c a t h e t e r .  I f  th e  v e l o c i ty  
p r o f i l e  in  th e  v e s s e l  i s  n o t  f l a t  th e  fo rc e  v a r i e s  w ith  th e  p o s i t i o n  
o f  th e  c a th e te r  in  th e  v e s s e l  and also- w ith  tim e in  th e  c a rd ia c  c y c le .  For 
a p a r t i c u l a r  volume flo w  i t  w i l l  a ls o  depend on th e  v e s s e l  d ia m e te r .  The 
fo rc e  e x e r te d  h a s  an e q u iv a le n t  p r e s s u r e  (e q u a l to  th e  fo rc e  d iv id e d  by 
th e  c a th e te r  a re a )  and th e  p r e s s u re  re c o rd e d  i s  no lo n g e r  th e  l a t e r a l  
p r e s s u re  b u t th e  im pact p r e s s u r e ,  th e  sum o f  th e  l a t e r a l  p r e s s u r e  and 
a k i n e t i c  energy  te rm . I f  th e  end o f  th e  c a th e te r  p o in t s  a c ro s s  th e  
a x i s  o f  th e  v e s s e l  th e re  w i l l  be no im pact and l a t e r a l  p r e s s u r e  w i l l  be 
re c o rd e d . T h is  i s  in d e p en d en t o f  th e  p o s i t i o n  a c ro s s  th e  v e s s e l .  S ince  
th e  p o r t io n  o f  th e  im pact p r e s s u r e  due to  k i n e t i c  energ y  o f  th e  flo w  
depends on v e lo c i ty  and hence in  p u l s a t i l e  f lo w  on a c o n tin u o u s ly  
changing  unknown p r o f i l e  i t  i s  d i f f i c u l t  to  q u a n t i t a t e .  A t h ig h  flo w  
r a t e s  th e  v e lo c i ty  p r o f i l e  may w e ll be f l a t  and th e  v e l o c i ty  a t  any 
p o s i t i o n  a c ro s s  th e  v e s s e l  w i l l  be th e  mean v e l o c i ty .  At low er flo w  r a t e s  
however th e  f lo w  may be la m in a r w ith  a p a r a b o l ic  p r o f i l e .  In  t h i s  c a se  
th e  p eak  v e lo c i ty ,  o c c u r r in g  a lo n g  th e  a x i s ,  w i l l  be tw ic e  th e  mean 
v e lo c i ty  so t h a t  th e  k i n e t i c  energ y  term  f o r  an a x i a l  p r e s s u r e  w i l l  be 
4 tim es  t h a t  d e r iv e d  from  th e  mean v e l o c i ty .
The peak  volume flo w  in  th e  common fem o ra l a r t e r y  o f  an a n a e s th e t i z e d - 
man i s  r e p o r te d  a s  betw een 300 and 1800 m l/m in (5  to  30 m l /s e c ) ,
(L a u r id se n , 1968, T e rry  e t  a l ,  1970 ). The m agnitude o f  th e  k i n e t i c  
energ y  e q u iv a le n t  p r e s s u r e s  a re  shown f o r  ty p i c a l  v e s s e l  d ia m e te rs  in  
T ab le  (2 2 ) .
I t  can be seen  th a t  th e  e f f e c t  on m easurem ents i s  q u i te  s m a ll .  A 
v e lo c i ty  o f  ab o u t 115 cm /sec i s  e q u iv a le n t  to  5 mmHg p r e s s u r e  and 163 cm /sec 
to  10 mmHg p r e s s u r e .  I t  was su g g es ted  t h a t  to  a v o id  even t h i s  sm a ll
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e r r o r  e f f o r t s  shou ld  be made to  e n su re  t h a t  th e  p r e s s u re  m easured i s  tn e  
t r u e  l a t e r a l  p r e s s u re  (McDonald, 1974) .  T h is  i s  p ro b a b ly  e a s ie r  when 
p u n c tu r in g  th e  v e s s e l  w ith  a n e e d le  th an  when a c a th e te r  i s  in s e r t e d  a lo n g  
th e  v e s s e l .  I t  h a s  been a rgued  t h a t  in  some c irc u m sta n c e s  l a t e r a l  p r e s s u re  
may n o t  be th e  p ro p e r ty  r e q u ir e d  and th a t  im pact p r e s s u re  i s  a more 
v a lu a b le  p a ra m e te r  (O 'R ourke and T a y lo r , 1967t O 'R ourke, 1968).
The com pliance o f  th e  c a th e te r/m a n o m e te r  system  i s  th e  m ajo r in f lu e n c e  
on th e  freq u en cy  re sp o n se  o f  th e  s in g le  d eg ree  o f  freedom  model (A ppendix 
1 0 ) . The in c lu s io n  o f  even a sm all gas bubb le  in  th e  f l u i d  p o r t io n  
w i l l  have a s i g n i f i c a n t  e f f e c t  on th e  re sp o n se  o f  th e  system  due to  th e  
g r e a te r  c o m p re s s ib i l i ty  o f  g a s e s .  An exam ple o f  t h i s  e f f e c t  i s  g iv e n  by 
S h e lto n  and Watson (1 9 6 8 ).
The volume e l a s t i c i t y  ( th e  in v e rs e  o f  c o m p re s s ib i l i ty )  o f  th e  S tatham  
P23Gb manometer i s  1 .28  x 1 0 ^  dyne/cm ^, which i s  o f  th e  same o rd e r  a s  t h a t  
o f  th e  f l u i d  in  i t ,  ab o u t 2 .3  x 1010 dyne/cm^ (Yanof e t  a l ,  1963). The 
volume e l a s t i c i t y  o f  a i r  i s  ab o u t 1 .5  x 10^ dyne/cm^ i e .  much sm a lle r  
than  th e  f l u i d  o r  t r a n s d u c e r .  McDonald c a lc u la te d  t h a t  an a i r  bubb le  o f
O O
o n ly 0 .3  mm (3 x 10"  cm ) would have th e  same volume d isp la c e m e n t p e r
3u n i t  o f  a p p l ie d  p r e s s u r e  a s  th e  tr a n s d u c e r  c o n ta in in g  1 cm o f  f l u i d .
T h is  would th e re fo re  doub le  th e  c o m p re s s ib i l i ty  o f  th e  system  and red u ce  
th e  r e s o n a n t f re q u e n c y . I t  would a ls o  in tro d u c e  f u r th e r  e r r o r s  in to  th e  
s in g le  d eg ree  o f  freedom  a n a ly s i s .
There i s  no v e ry  s im p le , q u ick  way to  remove a l l  g as  b u b b le s  b u t 
some o f  th o se  p r e v io u s ly  m entioned  a re
1. r e p e a te d  f lu s h in g  and long  " so a k in g "  (F ry  e t  a l  1957)
2 . u se  o f  , a  s u r fa c e  a c t iv e  a g e n t (Y anof e t  a l ,  1963, Gabe, 1972)-
!
3 . f lu s h in g  w ith  carbon  d io x id e  which i s  more s o lu b le  th a n  a i r ,  
p a r t i c u l a r l y  when c a th e te r  changes a re  needed  d u r in g  e x p e rim en ts  
(Y anof e t  a l ,  1963 ). ’
A co n v in c in g  im provem ent in  freq u en cy  re sp o n se  was shown when b o i le d  
w ate r was used  so t h a t  b u b b le s  were more e a s i l y  ab so rb ed  d u r in g  f lu s h in g
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head in  a d d i t io n  to  b o i l in g  th e  w a te r h a s  been ad v o ca ted  (Gabe, 1972). 
A f te r  t r y in g  v a r io u s  m ethods Fromm and De L ara  (1974) found th a t  f lu s h in g  
th e  system  w ith  h o t  s a l i n e  p roduced  th e  m ost c o n s is te n t  r e s u l t s .  In  an 
im pedance m atched te c h n iq u e  however b u b b le s  in  th e  c a th e te r  were found 
n o t  to  be so im p o r ta n t , though manometer b u b b le s  were s t i l l  cau se  fo r  
co n ce rn  ( W ilk in s e t  a l ,  1972) .
I t  i s  c l e a r ly  im p o r ta n t to  p u t  c o n s id e ra b le  e f f o r t  in to  rem oving 
a l l  b u b b le s  from th e  system ^even th o se  which a re  s c a r c e ly  v i s i b l e .  To 
f a c i l i t a t e  t h i s  th e  system  shou ld  have a s  few  c o n n e c to rs  and tu b e s ,  t h a t  
m igh t t r a p  b u b b le s , a s  p o s s ib le .  The system  used  in  th e se  s tu d ie s  had 
o n ly  one tap  fo r  f lu s h in g .  The f l u i d  was r e c e n t ly  b o i le d  b o th  f o r  la b ­
o r a to r y  and th e a t r e  m easurem ents and a l l  com ponents w e ll w e tted  b e fo re  
u s e .  ' .
I t  was a d is a d v a n ta g e  n o t  to  be a b le  to  perfo rm  dynam ic c a l i b r a t i o n  
in  th e  t h e a t r e  f o r  each  m easurem ent. C a l ib r a t io n  o f  th e  system  assem bled  
e x a c t ly  a s  f o r  th e a t r e  m easurem ents in d ic a te d  th a t  f o r  th e  low  ra n g e  o f  
f r e q u e n c ie s  r e q u ir e d ,  th e  a m p litu d e  e r r o r  ( 5%) and p h ase  e r r o r  ( 5°  a t  
10 Hz) were n o t  s i g n i f i c a n t .  No c o r r e c t io n s  were th e r e f o r e  a p p l ie d  to  
th e  p r e s s u r e s  re c o rd e d .
M easurem ent o f  Blood Flow in  P a t i e n ts
S ince  K olin  and W ette re r  f i r s t  p rop o sed  th a t  th e  f lo w  o f  b lood  co u ld  
be m easured by e le c tro m a g n e tic  in d u c tio n  th e re  h a s  been c o n tin u o u s  
developm ent o f  th e  method (K o lin , 1936; W e tte re r , 1937)• The o r i g i n a l  
flo w m eters  had a c o n s ta n t  m a g n e tic  f i e l d  and m easured changes in  a  d . c .  
p o t e n t i a l  a t  th e  se n s in g  e l e c t r o d e s .  The m ajo r p rob lem s w ith  t h i s  method 
were p o l a r i s a t i o n  o f  th e  e l e c t r o d e s  and i n s t a b i l i t y  o f  th e  d . c .  a m p l i f i e r  
Both c o n tr ib u te d  to  la rg e  v a r i a t i o n s  in  th e  b a s e - l i n e .
The in t r o d u c t io n  o f  s in u s o id a l ly  e x c i te d  e le c tro m a g n e ts  to  p ro d u ce  
th e  f i e l d  reduced  p o l a r i s a t i o n  e f f e c t s  and a llow ed  more s t a b l e  a . c .  
a m p l i f ie r s  tp  be u se d . The s in u s o id a l  v o l ta g e  induced  a t  th e  e l e c t r o d e s
i s  m odu lated  by th e  p o t e n t i a l  p roduced  by movement o f  b lo o d .
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A s e r io u s  d is a d v a n ta g e  o f  s in u s o id a l  e x c i t a t i o n  i s  th a t  th e  le a d s  from  
th e  e le c t r o d e s  l i e  w ith in  an a l t e r n a t in g  m a g n e tic  f i e l d  which p ro d u ces  
an a l t e r n a t i n g  v o l ta g e  in  them by th e  " tra n s fo rm e r  e f f e c t " . T h is  v o l ta g e  
i s  90°  o u t  o f  p h ase  w ith  th e  m agnet v o l ta g e  and depend ing  on th e  e x c i t a t i o n  
fre q u e n c y  may be s e v e r a l  o rd e r s  o f  m agnitude g r e a t e r  th an  th e  s ig n a l  to  
be m easured . S e v e ra l m ethods have been employed to  e l im in a te  o r  r e j e c t  
t h i s  o u t o f  p h ase  o r  q u a d ra tu re  v o l t a g e .  S ince  th e  v o l ta g e  p roduced  
by .the 11 tra n s fo rm e r  e f f e c t ” i s  p r o p o r t io n a l  to  th e  r a t e  o f  change o f  m a g n e tic  
f i e l d ,  and h en ce , th e  r a t e  o f  change o f  m agnet v o l ta g e ,  i t  i s  ze ro  when 
th e  m agnet v o l ta g e  i s  a t  a  p eak . I f  th e  s ig n a l  i s  m easured a t  th e  peak  
o f  each m agnet c y c le  (”peak  d e te c te d ” ) th e  e r r o r  s ig n a l  i s  ap p ro x im a te ly  
z e ro . For m easurem ent th e  s ig n a l  m ust be sam pled o r  " g a te d ” f o r  a  f i n i t e  
tim e d u r in g  which th e re  i s  an e r r o r  s ig n a l .  I f  th e  p e r io d  o f  g a t in g  b e fo re  
and a f t e r  th e  peak  i s  e q u a l ,  a v e ra g in g  rem oves th e  e r r o r  s ig n a l ,  so c a l le d  
"mean g a ted  peak  d e t e c t io n " .  S in c e , due to  l e s s  th a n  p e r f e c t  m a g n e tic  
c i r c u i t s ,  th e  peak  m agnet v o l ta g e  i s  n o t  q u i te  90°  o u t  o f  p h ase  w ith  ze ro  
" tra n s fo rm e r  e f f e c t "  v o l ta g e ,  i t  i s  u s u a l to  a d ju s t  th e  g a t in g  to  m atch 
th e  peak  d u r in g  a "no flow " s ig n a l  c o n d i t io n .  B a s e lin e  s t a b i l i t y  depends 
on th e  p h ase  r e l a t i o n  o f  th e  " tr a n s fo rm e r  e f f e c t "  v o l ta g e  and g a te .
An a l t e r n a t i v e  method o f  rem oving " tr a n s fo rm e r  e f f e c t "  v o l ta g e  s ig n a l s  
i s  th e  u se  o f  sq u a re , r e c ta n g u la r  o r ,  to  be more p r e c i s e ,  t r a p e z o id a l  
v o lta g e  to  p roduce th e  m ag n e tic  f i e l d .  S in ce  th e  tra n s fo rm e r  v o l ta g e  i s  
dependen t on th e  r a t e  o f  change o f  m a g n e tic  f i e l d  th e r e  sh o u ld  be no 
s ig n a l  g e n e ra te d  d u r in g  th e  p la te a u  p e r io d s  o f  e x c i t a t i o n .  However, 
th e re  a re  la rg e  tra n s fo rm e r  s ig n a l s  d u rin g  th e  sh a rp  r i s e  and f a l l ,  th e  
sh a rp e r  th e  r i s e  th e  la r g e r  th e  e r r o r  v o l t a g e .  T h is s ig n a l  d ecays  
e x p o n e n t ia l ly  so t h a t  th e  g a t in g  p e r io d  i s  a r ra n g e d  to  be a t  th e  end 
o f  th e  p la te a u ,  f ig u r e  (1 2 ) .  The freq u en cy  o f  e x c i t a t i o n  i s  l im i t e d  by th e  
decay  tim e .
Pu lsed  e x c i t a t io n  can be u se d , in  which f lo w  i s  m easured by a v e ra g in g  
th e  s ig n a l  a f t e r  bo th  r i s e  and f a l l  o f  th e  m agnet v o l ta g e  (G ask ing , 19 7 2 ). 
S ince  th e  flo w  s ig n a l  a p p e a rs  'o n ly  a f t e r  th e  r i s e  and b o th  a  p o s i t i v e  and
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c o n ta in  no tran sfo rm e d  e f f e c t  in t e r f e r e n c e .
%
A ttem p ts have been made to  e l im in a te  ’ tra n s fo rm e r  e f f e c t 1 v o lta g e  
by s c re e n in g  th e  le a d s  from  th e  m ag n e tic  c i r c u i t  (C la rk  and W yatt, 1969).
Changes in  th e  r e s i s t a n c e  o f  th e  p h y s io lo g ic a l  system  may ta k e  
p la c e  d u r in g  m easurem ents and to  e l im in a te  t h e i r  e f f e c t s  on th e  s ig n a l  
i t  i s  im p o rta n t t h a t  th e  in p u t  im pedance o f  th e  flow m eter sh o u ld  be h ig h ,
Y
0 .5  M^Lor m ore. The N ycotron flow m eter i s  such a m achine (R o b e r ts , 1969)* 
V a r ia t io n  in  th e  s e n s i t i v i t y  o f  th e  p ro b e s  i s  a so u rce  o f  e r r o r  in  
f lo w  m easurem ent. The s e n s i t i v i t y  o f  th e  flo w  p ro b e s  depends on bo th  th e  
p robe  d e s ig n  and th e  c o n d i t io n s  o f  o p e r a t io n .  A ccu ra te  r e c o rd in g  o f  f lo w  
assum es t h a t  flo w  anywhere in  th e  lumen o f  th e  tu b e  c o n t r ib u te s  e q u a l ly  to  th e  
o u tp u t  s ig n a l .  T h is h a s  been found to  be u n tru e  (Goldman e t  a l ,  1963, 
D edichen , 1974)* The m a g n e tic  f i e l d  i s  n o t  un ifo rm  a c ro s s  th e  tu b e  i f  p o in t  
e l e c t r o d e s  a re  u se d , n o r  a lo n g  th e  tu b e  due to  end e f f e c t s .  However 
th e  p r a c t i c a l  e f f e c t  may be v e ry  sm all (O’R ourke, 1965). V a r ia t io n s  have 
been p roposed  in  th e  d e s ig n  o f  th e  e le c t r o d e  which w i l l  ta k e  in to  acc o u n t 
a l l  th r e e  d im ensions o f  th e  m ag n e tic  f i e l d  in s te a d  o f  two ( S h e r c l i f f ,  1968, 
C la rk  and W yatt, 1969, Navi and M arb le , 1976). The m ajo r f a u l t  w ith  th e  
flo w  p ro b e s  in  u se  a t  p r e s e n t  i s  t h a t ,  b ecau se  o f  t h i s  n o n -u n ifo rm ity  o f  
m ag n e tic  f i e l d  th e re  a re  e r r o r s  in  th e  m easurem ent o f  ax isy m m etric  f lo w  
and w orse e r r o r s  in  non-sym m etric  f lo w . Flow i s  u n l ik e ly  to  be sy m m etrica l 
ab o u t th e  a x is  in  a r t e r i o s c l e r o t i c  v e s s e l s .  R a d ia l asym m etry i s  th e  
m ajor cause  o f  e r r o r s  in  th e se  m easurem ents (Goldman e t  a l ,  1963,
S h e r c l i f f ,  1968). Under w o rs t case  c o n d i t io n s  th e se  e r r o r s  may be a s  
h ig h  a s  400% (D edichen , 1974)*
With c u f f  ty p e  p ro b e s  good e l e c t r i c a l  c o n ta c t  i s  m a in ta in e d  by k eep in g  
th e  w a ll o f  th e  v e s s e l  m o is t and u s in g  a p ro b e  o f  s l i g h t l y  s m a lle r  
d ia m e te r  th en  th e  v e s s e l .  . P robes a re  u s u a l ly  made in  mm s i z e s ,  th e  
d isa d v a n ta g e  o f  t h i s  i s  t h a t  a 1 mm d i f f e r e n c e  in  d ia m e te r  i s  a l a r g e  p e r ­
c en tag e  o f  th e  sm all^3  o r  4 m rnjprobes. With c u f f  t r a n s d u c e r s  m a in ta in e d
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i s  ab o u t 1.3%. I f  th e y  a re  r e p o s i t io n e d  betw een each m easurem ent
s e n s i t i v i t y  v a r i e s  by 2.5% f o r  norm al a r t e r i e s  and. 4-9% f o r  a th e ro ­
s c l e r o t i c  a r t e r i e s  (D ed ichen , 1974). .
The e f f e c t  o f  occupy ing  p a r t  o f  th e  p ro b e  lumen by v e s s e l  w a ll and
e x te r n a l  f l u i d  la y e r s  i s  to  change th e  s e n s i t i v i t y  (F erguson  and L andahl 
1966). E x p la n a tio n s  u s in g  d i f f e r e n t  assu m p tio n s  have been r e p o r te d ,  
th e  c o n c lu s io n  b e in g  t h a t  w h ile  in c lu d in g  a v e s s e l  in  th e  lumen shou ld  
in c re a s e  th e  s e n s i t i v i t y ,  in c lu d in g  bo th  ves-sel and f l u i d  la y e r  m igh t 
e i t h e r  in c re a s e  o r  d e c re a se  s e n s i t i v i t y  depend ing  upon th e  r e l a t i v e  
e l e c t r i c a l  c o n d u c t iv i t i e s  o f  th e  m edia a s  w e ll a s  th e  geom etry  (G essn e r,
1961, W yatt, 1968). R em oval-of a th e ro m ato u s  d e p o s i t s  in c r e a s e s  th e  
s e n s i t i v i t y  by 8% (D edichen , 1974).
The e f f e c t  o f  th e  b lood  i t s e l f  on p ro b e  s e n s i t i v i t y  i s  in  th e  r a t i o  
o f  i t s  c o n d u c t iv i ty  to  t h a t  o f  th e  v e s s e l  w a ll .  The c o n d u c t iv i ty  o f  b lood  
v a r i e s  w ith  th e  h a e m a to c r i t  ( re d  c e l l  c o n c e n t r a t i o n ) , w ith  th e  v e l o c i t y  and 
w ith  th e  freq u en cy  o f  th e  a p p l ie d  p o t e n t i a l  (R o b e r ts , 1969, F rew er, 1972 ).
The s e n s i t i v i t y  o f  some c a n n u la tin g  p ro b e s  i s  u n a f fe c te d  by h a e m a to c r i t  
(R o b e r ts , 1969, D edichen , 1974). With c u f f  p ro b e s  th e  v a r i a t i o n  due to  
h a e m a to c r i t  depends a ls o  on th e  ty p e  o f  v e s s e l ,  ( c e l lo p h a n e , v e in ,  a r t e r y )  
(H ognestad , 1966, D edichen , 1974)» and c o r r e c t io n s  may be n e c e s s a ry  i f  la rg e  
changes in  h a e m a to c r i t  a r e  e x p e c te d . In  a r t e r i a l  r e c o n s t r u c t io n  th e se  
changes shou ld  be s m a ll .  Even when th e  h a e m a to c r i t  was low ered  by th e  a d d i t io n  
o f  500 ml o f  D ex tran , th e  mean change was o n ly  5.9%. A more im p o rta n t 
v a r i a t i o n  i s  t h a t  betw een th e  s e n s i t i v i t y  m easured on c e llo p h a n e  tu b in g  and t h a t  
m easured on a r t e r y  which may be 20% f o r  norm al h a e m a to c r i t .  The d i f f e r e n c e  
in  s e n s i t i v i t y  betw een a p ro b e  on a c e llo p h a n e  tu b e  c o n ta in in g  norm al 
s a l in e  and th e  same p ro b e  on an a r t e r y  c o n ta in in g  norm al b lood  may be a s  
h ig h  a s  30% (D edichen , 1974).
The f a c t o r s  a f f e c t in g  th e  s e n s i t i v i t y  o f  th e  system  may be overcom e by 
c a l ib r a t i n g  i t  on each o c c a s io n  w ith  th e  p ro b e  in  s i t u .  The s ta n d a rd
te c h n iq u e  i s  to  clamp th e  v e s s e l  concerned  d i s t a l  to  th e  f lo w  p ro b e
H 3 0 4
p ro b e  and clam p. By in t e g r a t i n g  th e  flow m eter o u tp u t o v er t h i s  p e r io d ,  th e  
o u tp u t/m l o f  b lood  can be c a l c u la te d .  In  p r a c t i c e  t h i s  means p u n c tu r in g  
th e  v e s s e l  w ith  a la r g e  n e e d le  and o c c lu d in g  th e  v e s s e l  f o r  s e v e ra l  
m in u te s . W hile t h i s  p ro c e d u re  i s  a c c e p ta b le  in  an im al ex p e rim en ts  i t  may 
be d i f f i c u l t  and can cau se  p rob lem s in  a r t e r i a l  r e c o n s t r u c t io n  in  p a t i e n t s .  
In  c l i n i c a l  p r a c t i c e  p ro b e s  a re  p r e c a l ib r a t e d ,  e i t h e r  on v e s s e l s  from  
cad a v ers  o r  on c e llo p h a n e  tu b in g . The p o s s ib le  e r r o r s  in  m easurem ent o f  
b lood  flo w  a re  th e r e f o r e  l a r g e .  I t  a ls o  means t h a t  th e  im pedance c a lc u la te d  
in  a b s o lu te  te rm s may have la r g e  e r r o r s .  By c a r e f u l  a t t e n t i o n  to  th e  
p o s i t io n in g  and se c u r in g  o f  th e  flo w  p ro b e  and w ith  th e  sm a ll changes
in  h a e m a to c r i t  o b serv ed  i t  i s  p o s s ib le  to  make com p ara tiv e  m easurem ents
(
o f  v a lu e .
The freq u en cy  re sp o n se  o f  th e  com plete  system  shou ld  be s u f f i c i e n t  
to  re c o rd  p u l s a t i l e  f lo w  f a i t h f u l l y .  T h is  r e q u i r e s  a f l a t  am p litu d e  
re sp o n se  up to  th e  h ig h e s t  freq u en cy  o f  i n t e r e s t ,  ab o u t 20 Hz (F erguson  
and W ells , 1959). I f  a ze ro  p h ase  change i s  n o t  a t t a i n a b l e  th e n  th e  p hase  
change w ith  freq u en cy  shou ld  be l i n e a r  w ith in  t h i s  ran g e  to  re p ro d u c e  th e  
waveform a c c u r a te ly  i e .  a l l  f r e q u e n c ie s  w i l l  be d is p la c e d  by th e  same 
tim e . T his p h ase  would s t i l l  r e q u i r e  c o r r e c t io n  b e fo re  c a l c u l a t i n g  th e  
im pedance p h a se .
The freq u en cy  re sp o n se  o f  th e  flo w  m easu rin g  system  was d e te rm in e d  by 
two m ethods which showed some d i f f e r e n c e s  b u t b o th  showed t h a t  th e  u se  o f  
ana logue  f i l t e r s  c o n s id e ra b ly  im p aired  th e  dynam ic re sp o n se  o f  th e  sy stem .
The o n ly  d a ta  on f re q u e n c y  re sp o n s e  su p p lie d  by th e  m a n u fa c tu re r  i s  
t h a t  th e  f i l t e r  s e t t i n g s  o f  5 , 15 and 50 Hz r e p r e s e n t  " th e  h a l f - a m p l i tu d e ” 
f re q u e n c y . Taken l i t e r a l l y  th e  am p litu d e  w i l l  be 50% red u ced  (-6dB ) 
a t  th e se  f r e q u e n c ie s ,  t h i s  i s  n o t  in  agreem ent w ith  p r e s e n t  f in d in g s  which 
su g g e s t ’’h a l f  power” fre q u e n c y  (-3dB ) i s  in te n d e d . No m en tion  o f  p h ase  
re sp o n se  i s  made by th e  m a n u fa c tu re r .
Com parison o f  th e  am p litu d e  re sp o n se  o f  each  f i l t e r  w ith  th o s e  o f
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which had d i f f e r e n t  f i l t e r  s e t t i n g s ) ,  shows rem ark ab le  ag reem en t 
( f ig u r e  117)* U n fo r tu n a te ly  th ey  do n o t  g iv e  th e  p hase  re sp o n se  ( C a lv e r t  
e t  a l ,  1975).
The u se  o f  e l e c t r o n i c  f i l t e r s  p ro v id e d  on th e  flow m eter may g iv e  a 
more p r e s e n ta b le  v i s u a l  re c o rd in g  when m easurem ents a re  made under poo r 
c o n d i t io n s ,  however t h i s  e n t a i l s  s u b s t a n t i a l  d i s t o r t i o n  o f  th e  t r u e  
waveform even a t  f r e q u e n c ie s  a s  low a s  5 Hz, T h is  approach  sh o u ld  be 
av o id ed . I f  m easurem ents a re  made in  n o is y  env ironm en ts  a v e ra g in g  te c h n iq u e s  
a re  to  be p r e f e r r e d  and th e  method adop ted  p ro v id e d  an a m p litu d e  re sp o n s e  w ith in  
10% to  10 Hz and a l i n e a r  p h ase  s h i f t .
In  s tu d ie s  on dogs w ith  h e a r t  r a t e s  o f  a p p ro x im a te ly  2 .5  Hz i t  was 
found t h a t  o v e r 99% o f  th e  v a r ia n c e  o f  f lo w  waves i s  a t  f r e q u e n c ie s  below  
20 Hz (F erguson  and W ells , 1959, McDonald, 1974). The human h e a r t  r a t e  i s  
n o rm a lly  h a l f  th e  v a lu e  in  dogs and a t  t h i s  r a t e  " te n  harm on ics  a re  s t i l l  
more th an  ad eq u a te  even though th e  10th  harm onic i s  o n ly  a t  12 .8  Hz".
(McDonald, 1974, P1.64, f ig u r e  7 « 8 c ). I f  h ig h e r  f re q u e n c ie s  o r  g r e a te r  
accu racy  a re  r e q u ire d  a c o r r e c t io n  may be made to  th e  d a ta  by u se  o f  a 
po lynom ial e q u a tio n  d e r iv e d  from th e  re sp o n se  d a t a .  Such c o r r e c t io n s  were 
n o t  c o n s id e re d  n e c e s s a ry  in  th e  p r e s e n t  s tu d y .
The C o n tr ib u tio n  o f  th e  M easurem ents in  P a t i e n ts
No p re v io u s  r e p o r t s  o f  th e  m easurem ent o f  im pedance in  a r t e r i a l  d is e a s e  
have been fo u n d . The im pedance o f  th e  lim b , a s  m easured in  th e  common fem o ra l 
a r t e r y ,  i s  s i g n i f i c a n t l y  h ig h e r  in  p a t i e n t s  w ith  a  b lo c k  in  th e  su p e r­
f i c i a l  fem o ra l a r t e r y  th an  in  asym ptom atic  s u b je c t s .  T h is  im pedance i s  
reduced  by th e  i n s e r t i o n  o f  a v e in  bypass g r a f t  b u t  i s  s t i l l  g r e a t e r  th an  
t h a t  o f  th e  n o rm a ls . A lthough th e re  was a  s i g n i f i c a n t  d i f f e r e n c e  in  th e  r 
im pedance o f  p o t e n t i a l  su c c e s se s  and f a i l u r e s  b e fo re  r e c o n s t r u c t io n  i t  was 
n o t  p o s s ib le  to  p r e d i c t  th e  outcome w ith  c o n f id e n c e .
The in p u t im pedance f in d in g s  may be c l a r i f i e d  by r e f e r e n c e  to  th e  
analo g u e  shown in  f ig u r e  (1 2 0 ) . A r e p r e s e n t s  th e  p r e o p e r a t iv e  c o n d i t io n  
w ith  a b lo c k  in  th e  s u p e r f i c i a l  fem o ra l a r t e r y  and c o l l a t e r a l  c i r c u l a t i o n
3 0 6
v ia  th e  p ro fu n d a .
C S - = ^
B
F ig . (120) S im p lif ie d  analogue o f  c i r c u l a t i o n  in  th e  le g .
A. R e p re se n ts  a lim b w ith  a b lo c k  in  th e  s u p e r f i c i a l  
fem o ra l a r t e r y  and some c o l l a t e r a l  c i r c u l a t i o n  
v ia  th e  p ro fu n d a  a r t e r y .
B. R e p re se n ts  th e  s i t u a t i o n  when a v e in  byp ass  
g r a f t  i s  i n s e r t e d .
C. R e p re se n ts  th e  s i t u a t i o n  a f t e r  i n s e r t i o n  o f  a 
b y p ass  g r a f t  when th e  p ro fu n d a  a r t e r y  i s  
clam ped. '
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which a r e  l i k e l y  to  f a i l  b ecau se  th e  t o t a l  im pedance i s  h ig h .  In  B, 
th e  p o s t  o p e r a t iv e  s i t u a t i o n  when th e  b locked  a r t e r y  i s  b y p assed , g r a f t s  
which a r e  l i k e l y  to  f a i l  may s t i l l  be d is t in g u is h e d  though not a s  c l e a r l y .
C r e p r e s e n t s  th e  p o s to p e r a t iv e  s i t u a t i o n  w ith  th e  p ro fu n d a  clam ped. In  
t h i s  c a se  th e re  i s  no d i f f e r e n c e  betw een s u c c e s se s  and f a i l u r e s .
T h is  im p lie s  t h a t  i t  i s  th e  t o t a l  c i r c u l a t i o n  which i s  im p o r ta n t 
and t h a t  th e  p ro fu n d a  c o l l a t e r a l  c i r c u l a t i o n  i s  c r u c i a l .  I f  th e  c o l l a t e r a l  
c i r c u l a t i o n  i s  poo r a  v e in  b ypass  may f a i l  to  r e s to r e  normal c o n d i t io n s  
o f  f lo w  in  th e  common fem o ra l a r t e r y .  T h is  may a f f e c t  th e  su c c e s s  o f  an o th e r ­
w ise ad eq u a te  g r a f t .
The im pedance d i s t a l  to  th e  knee j o i n t ,  th e  " r u n - o f f "  d id  n o t  app ea r 
to  a f f e c t  th e  outcome though th e  r e s u l t s  o f  t h i s  m easurem ent were n o t  
r e l i a b l e .  A b r i e f  s tu d y  o f  th e  lo n g i tu d in a l  im pedance o f  th e  r e c o n s tr u c te d  
segm ent su g g es ted  th a t  a  h ig h  v a lu e  m igh t be a s s o c ia te d  w ith  f a i l u r e .
The e f f e c t  o f  th e  v i s c o s i t y  o f  b lo o d  on im pedance m easurem ents i s  n o t  o f  
g r e a t  s ig n i f i c a n c e  in  m ost s u r g ic a l  c a s e s .
The p a t i e n t  r e s u l t s  p re s e n te d  assume th e  a c c u ra c y  o f  th e  m easurem ents 
and ignoie th e  in a c c u ra c ie s  o f  th e  ca th e te r/^n an o m ete r system  and o f  th e  f lo w  
p robe  c a l i b r a t i o n .  The m easurem ent o f  i n t r a - a r t e r i a l  p r e s s u r e  u s in g  
n e e d le s ,  c a th e te r s  and s t r a i n  gauge tr a n s d u c e r s  i s  a common c l i n i c a l  
p ro ced u re  which can be ach iev ed  sim p ly  and w ith  s u f f i c i e n t  a c c u ra c y  f o r  u se  
in  im pedance c a l c u la t io n s .  I d e a l ly  f o r  m easurem ents u s in g  a  c a t h e t e r ,  
dynam ic c a l ib r a t i o n  shou ld  be perfo rm ed  on each o c c a s io n  b u t  w ith  c a r e f u l  .
te c h n iq u e  th e  am p litu d e  e r r o r  may o n ly  be 5% a t  10 Hz. W hile th e
m easurem ent o f  p h a s ic  b lood  flo w  u s in g  th e  e le c tro m a g n e tic  flo w m eter i s  
a  r e l a t i v e l y  s im p le  p ro c e d u re  i t  i s  s u b je c t  to  c o n s id e ra b le  e r r o r  
p a r t i c u l a r l y  when used  on d is e a s e d  v e s s e l s  o r  when i n - s i t u  c a l i b r a t i o n  
i s  n o t  p e r m is s ib le .  T his may be in  la r g e  m easure r e s p o n s ib le  f o r  th e
v a r i a t i o n  in  im pedance found in  p a t i e n t s .  The f re q u e n c y  re sp o n se  o f  th e  f lo w ­
m e te rs  was a ls o  in a d e q u a te  i f  any f i l t e r s  were in c lu d e d . The u se  o f
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analo g u e  f i l t e r s  to  im prove th e  q u a l i ty  o f  th e  r e c o rd in g s  in  th e  case  o f  
n o is y  s ig n a l s  which a re  common in  d is e a s e d  a r t e r i e s  means t h a t  th e  
freq u en cy  re sp o n se  o f  th e  system  i s  s i g n i f i c a n t l y  red u ced  in  th e  ran g e  
r e q u i r e d .  R eco rd ings made in  t h i s  way would need  to  be c o r r e c te d  f o r  
fre q u e n c y  re sp o n se  i f  th e y  a re  to  be o f  any v a lu e .  The r e d u c t io n  o f  
n d se  by av e ra g in g  te c h n iq u e s  may overcome t h i s  p roblem  b u t  may a ls o  be 
e x p e n s iv e .
The c a lc u la t io n  o f  im pedance by F o u r ie r  a n a ly s i s  a t  p r e s e n t  r e q u i r e s  
e x te n s iv e  co m p u ta tio n a l f a c i l i t i e s  r e s t r i c t i n g  th e  u se  o f  th e  te c h n iq u e .
The r e c e n t  advance o f  d i g i t a l  e l e c t r o n i c s  in  th e  f i e l d  o f  m icro -co m p u ters  
may change t h i s  s i t u a t i o n  in  th e  n e a r  f u tu r e .
Impedance h a s  been shown to  be a t h e o r e t i c a l l y  sound and s e n s i t i v e  
p a ra m e te r  f o r  a sse ssm e n t o f  th e  e f f e c t s  o f  a r t e r i o s c l e r o s i s .  A lthough th e  
m easurem ents made on p a t i e n t s  show c l e a r  d i f f e r e n c e s  in  th e  mean v a lu e s  
o f  im pedance betw een n o rm a ls , su c c e s s e s  and f a i l u r e s ,  th e  m easurem ent o f  
im pedance in  in d iv id u a l  p a t i e n t s  may n o t  be o f  much p ro g n o s t ic  v a lu e  
due to  wide b io lo g ic a l  v a r i a t i o n s  and u n le s s  th e  a c c u ra c y  o f  f lo w  m easurem ent 
in  a t h e r o s c l e r o t i c  v e s s e l s  can be s u b s t a n t i a l l y  im proved. I t  may however 
be a good m ethod o f  a s s e s s in g  a r t i f i c i a l  p ro s th e s e s  in  th e  la b o ra to r y  
o r  v e in  g r a f t s  in  s i t u  u s in g  th e  lo n g i tu d in a l  im pedance.
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Im provem ents to  th e  te c h n iq u e  a t  p r e s e n t  used  m igh t be made sim ply  
by changes in  th e  a n a ly s i s  p rogram . These in c lu d e  th e  c o r r e c t io n  o f  
d a ta  f o r  th e  fre q u e n c y  re sp o n se  o f  th e  m easu ring  system , th e  a u to m a tic  
e x c lu s io n  o f  harm onics w ith  a m p litu d e s  below  a s p e c i f ie d  n o is e  o r  
acc u racy  l e v e l ,  and th e  o u tp u t o f  r e s u l t s  in  g ra p h ic a l  fo rm . The l a s t  
two su g g e s tio n s  would red u ce  th e  m anual work in v o lv ed  c o n s id e ra b ly  so t h a t  
r e s u l t s  cou ld  be a v a i la b le  in  tim e to  in f lu e n c e  th e  c l i n i c a l  d e c i s io n s .
The m ajo r areai f o r  f u tu r e  work i s  th e  im provem ent in  a c c u ra c y  o f  th e  
e le c tro m a g n e tic  flow m eter f o r  u se  on d is e a s e d  v e s s e l s .  W hile th e  
c l i n i c i a n s  concerned  j u s t i f i a b l y  o b je c t  to  in  s i t u  c a l i b r a t i o n  o f  th e  
p ro b es  d u r in g  r e c o n s t r u c t iv e  s u rg e ry  th e re  w i l l  alw ays be an e lem en t o f  e r r o r  
even i f  p ro b es  a re  in tro d u c e d  which a re  in s e n s i t i v e  to  f lo w  p r o f i l e  (N avi 
and M arb le , 1976). With th e  e r r o r s  which o ccu r a t  p r e s e n t  in p u t  im pedance 
m easurem ents can n o t be used  a s  a r e l i a b l e  p ro g n o s t ic  in d i c a to r  in  
in d iv id u a l  c a s e s .
R e f le c t io n s  a re  e l im in a te d  in  th e  h y d r a u l ic  model and so th e  im pedance 
m easured i s  th e  c h a r a c t e r i s t i c  im pedance. The h y d r a u l ic  m odel co u ld  th u s  
be used  f o r  th e  a sse ssm en t o f  th e  r e l a t i v e  m e r i ts  o f  d i f f e r e n t  p r o s th e s e s  
w ith  th e  im pedance b e in g  th e  p a ram e te r  o f  i n t e r e s t .  The d e te rm in a tio n  
o f  c h a r a c t e r i s t i c  im pedance and p ro p a g a tio n  c o e f f i c i e n t s  o f  th e  m u l t i tu d e  
o f  p ro s th e s e s  com m ercia lly  a v a i l a b l e ,  i s  p o s s ib le  (M iln o r and N ic h o ls ,  1975)• 
The ra n k in g  o f  p ro s th e s e s  a s  s u i t a b l e  f o r  u se  in  r e c o n s t r u c t iv e  s u rg e ry  
from such m easurem ents would be o f  g r e a t  v a lu e  in  im prov ing  th e  su c c e s s  
r a t e  o f  r e c o n s t r u c t iv e  su rg e ry  o f  th e  le g .  T h is  would be a  n a t u r a l  e x te n s io n  
o f  th e  p r e s e n t  work, though th e  r e s u l t s  on p a t i e n t s  su g g e s t t h a t  th e  s t a t e  
o f  th e  c o l l a t e r a l  c i r c u l a t i o n  v ia  th e  p ro fu n d a  fe m o ris  a r t e r y  may u l t im a te ly  
be th e  f a c t o r  d e te rm in in g  th e  su c c e s s  o f  an o p e r a t io n .
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APPENDIX (1 )
The M anufacture  o f  Conducting  Tubing o f  D i f f e r e n t  D iam ete rs
C onducting  tu b e s  o f  s p e c i f i e d  d ia m e te r  were p re p a re d  i n  o rd e r  to  
c a l i b r a t e  c u f f  type  f lo w  p r o b e s .  A s o l u t i o n  was made up o f  th e  fo l lo w in g  
components, .
c o l l o i d i n  4 gm
a b s o lu t e  a lc o h o l  80 ml „
e t h e r  120 ml
c a s t o r  o i l  1 drop
The a b s o lu t e  a l c o h o l  was added to  th e  c o l l o i d i n  in  a  g l a s s  s to p p e re d
j a r  and l e f t  to  s o f t e n  o v e r n ig h t .  The e t h e r  and c a s t o r  o i l  were th en
-1
added and th e  m ix tu re  s t i r r e d  to  g iv e  a un ifo rm  s o l u t i o n .
G lass  tu b in g  o f  v a r io u s  d ia m e te rs  and a b o u t  30 cm long  were p r e p a r e d .  
They were washed m e t ic u lo u s ly  and c leaned  w ith  a l c o h o l ,  th e n  d r i e d  i n  
a  warm oven. H olding a c l e a n ,  coo l g l a s s  tu b e  a t  ab o u t  30° to  th e  
h o r i z o n t a l  a l i t t l e  o f  th e  s o l u t i o n  was poured  g e n t ly  i n t o  th e  upper 
end. As i t  flow ed to  th e  low er end th e  tube  was c o n t in u o u s ly  r o t a t e d  
to  p roduce  an -even l a y e r  o v e r  th e  i n s i d e  o f  th e  tu b e .  P r a c t i c e  was needed  
to  judge th e  r i g h t  q u a n t i t i y  o f  s o l u t i o n  to  cover th e  e n t i r e  in n e r  
s u r f a c e  u n ifo rm ly  w ith o u t  e x c e s s iv e  l o s s  from th e  end .
The tube  was hung v e r t i c a l l y  so t h a t  any e x c e ss  s o l u t i o n  d r ip p e d  
th rough  and l e f t  f o r  up to  48 h o u rs  d u r in g  which tim e th e  s o l v e n t  e v a p o ra te d  
le a v in g  a  t h i n  f i lm  o f  c e l l u l o s e  n i t r a t e .  The g l a s s  tu b e  and c o a t in g  were 
th en  s e p a ra te d  g e n t ly  a t  one end w ith  th e  a id  o f  a  s c a l p e l  b la d e  i f  
n e c e s s a r y .  By t r i c k i n g  warm w ater  between th e  g l a s s  and f i l m  i t  was th e n  
p o s s i b l e  to  s e p a r a t e  them a lo n g  th e  com plete  l e n g th .  The s m a l l e s t  p a r t i c l e s  
o f  d i r t  o r  g re a s e  on th e  i n s i d e  o f  th e  g l a s s  tu b e  p roduced  t e a r s  i n  th e  
f i l m .  The p u rp o se  o f  th e  c a s t o r  o i l  i n  th e  s o l u t i o n  was to  g iv e  some 
f l e x i b i l i t y  to  t h i s  o th e rw is e  b r i t t l e  l a y e r .  The th i c k n e s s  o f  th e  f i l m  
and th e  s i z e  o f  th e  co n d u c t in g  p o re s  i n  i t  depends on th e  c o n c e n t r a t i o n  o f  
c o l l o i d i n .
3 3 0
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a r e  h ig h ly  in flam m able  and e t h e r  vapour h as  w e ll  known a n a e s t h e t i c  e f f e c t s .
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O p era tio n  o f  Flow S im u la t io n  C i r c u i t
The c i r c u i t ,  f i g u r e  (19) i s  connec ted  to  th e  f low m eter  i n p u t  cab le  
a s  i f  i t  were a  f lo w  p ro b e .  I t  e x t r a c t s  a p o r t i o n  o f  th e  magnet 
e n e r g i s in g  sq u a re  wave, which i s  th en  am p litu d e  m odulated  by a  s in e  
wave r e p r e s e n t i n g  f l u c t u a t i o n s  in  b lood  f lo w  r a t e  o f  a g iv en  f re q u e n c y  
d e r iv e d  from an e x t e r n a l  s i g n a l  g e n e r a to r .
The m o d u la tio n  i s  a ch iev ed  by a v o l t a g e  c o n t r o l l e d  a t t e n u a t o r  . 
c o n s i s t i n g  o f  TR1, P1 and D1. A change in  th e  base  c u r r e n t  o f  TR1 
c au se s  a c u r r e n t  change i n  D1. As D1 and th e  p h o t o c e l l  P1 a r e  o p t i c a l l y  
c o u p led ,  changes i n  th e  base  c u r r e n t  o f  TR1 cau se  a change o f  r e s i s t a n c e  
o f  P1 and hence th e  am p li tu d e  o f  th e  sq u a re  wave a t  A. Using a  d i v i d e r  a 
sm all  f r a c t i o n  o f  t h i s  s i g n a l  i s  s u p p l ie d  v i a  th e  e l e c t r o d e  l e a d s  a s  
i n p u t  to  th e  f low m eter .
S ince  th e  r e l a t i o n s h i p  between th e  base  c u r r e n t  o f  TR1 and the  
am p li tu d e  o f  th e  o u tp u t  s i g n a l  i s  n o t  l i n e a r  a  n e g a t iv e  fe ed b a ck  loop 
i s  formed to  en su re  t h a t  th e  m od u la tio n  o f  th e  o u tp u t  s i g n a l  a c c u r a t e l y  
f o l lo w s  th e  e x t e r n a l l y  p ro v id e d  s in e  wave. The m o d u la tio n  i s  e x t r a c t e d  
from th e  o u tp u t  s i g n a l  by IC1, compared to  th e  i n p u t  s i n u s o i d a l  s i g n a l  
i n  IC2 and th e  d e r iv e d  e r r o r  used  to  d r i v e  TR1•
A ccu ra te  dem odu la tion  o f  th e  o u tp u t  i s  co m p lica ted  by th e  f a c t  t h a t  
th e  c a r r i e r  and m odu la tio n  s i g n a l  may d i f f e r  i n  f re q u e n c y  by o n ly  a 
f a c t o r  o f  6 . IC1 a c t s  a s  a p o l a r i t y  s w i tc h .  I f  TR2 i s  made to  conduc t 
th e  g a in  o f  th e  s ta g e  i s  -1 • When TR2 i s  n o n -c o n d u c t in g  th e  g a in  becomes 
+1 • Using TR3 to  d r iv e  TR2 th e  magnet s i g n a l  c o n t r o l s  th e  o p e r a t i n g  mode 
o f  the  dem o d u la to r .  The dem odu la to r  g a in  i s  +1 when th e  s i g n a l  a t  A i s  
p o s i t i v e  and changes to  -1 a s  t h i s  p o i n t  goes n e g a t i v e .  T h is  c a u se s  a l l  
n e g a t iv e  p o r t i o n s  o f  th e  i n p u t  o f  th e  dem odula to r  to  be i n v e r t e d  and th e  
o u tp u t  i s  then  a r e c r e a t e d  form o f  th e  m odu la tio n  s i g n a l .
IC2 compares th e  o u tp u t  o f  th e  d em odu la to r ,  IC1, w ith  th e  e x t e r n a l  
s in e  wave. A sm all  d . c .  o f f s e t ,  g e n e ra te d  by D2, i s  added to  th e
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n e g a t iv e  i n p u t  o f  IC2 to  com pensate f o r  th e  d . c .  component o f  th e  
dem odula to r  o u tp u t ,  C1 removes f a s t  s w i tc h in g  t r a n s i e n t s  i n h e r e n t  
i n  th e  dem o d u la to r ,
A s q u a re  wave, in  phase  w ith  th e  o u tp u t  m o d u la t io n ,  i s '  p ro v id e d  
f o r  phase  measurement r e f e r e n c e ,  IC3 forms a s w i tc h in g  com para to r ,  
" s q u a r in g ” th e  dem odula to r  o u tp u t .  The e x p e r im e n ta l  a rrangem en t i s  shown 
in  f i g u r e  ( 2 0 ) .
3 3 3
Arrn.iML>iA
O p era tio n  o f  Step Response C i r c u i t
The c i r c u i t ,  f i g u r e  (2 3 ) ,  i s  connec ted  a c r o s s  th e  magnet supp ly  
le a d s  and in  th e  r e s t i n g  s t a t e  i s  an e f f e c t i v e  s h o r t  c i r c u i t .  The 
magnet su p p ly  i s  sw itched  on b u t  because  o f  th e  s h o r t  c i r c u i t  t h e r e  i s  
no sup p ly  to  th e  p robe  m agnet,
TR2 and a s s o c i a t e d  components form a  tim e d e la y  to  e l im i n a te  c o n ta c t  
bounce in  S1• On c lo s in g  S1, C1 ch a rg e s  v i a  R1 u n t i l  th e  VEP o f  TR2 
i s  r e a c h e d ,  TR2 th en  c o n d u c ts .  The c u r r e n t  th rough  R1 i s  s u f f i c i e n t  to  
h o ld  TR2 "ON". /
TR3 s a t u r a t e s  "ON" and p u l l s  th e  ca th o d e  o f  the  SCR down to  g round. 
The SCR i s  now s e n s i t i v e  to  th e  n e x t  p u l s e  r e c e iv e d  a t  i t s  g a t e ,  which 
w i l l  t u r n  i t  "ON".
The d i f f e r e n t i a t e d  p o s i t i v e  edge o f  th e  magnet s i g n a l  d r i v e s  TR4 
"ON11 and d i s c h a r g e s  C2. R2 and R3 a r e  a r ra n g e d  to  h o ld  TR1 VON" once 
VEP h as  been re a c h e d .  C2 dumps most o f  i t s  accum ula ted  ch a rg e  i n t o  R4 
p ro d u c in g  a n a rro w  p u l s e ,  i d e a l  f o r  t r i g g e r i n g  th e  SCR. The r e l a y  i s  
th e r e f o r e  e n e rg i s e d  a t  a p re d e te rm in e d  p o i n t  on th e  magnet sq u a re  wave 
s e t  by R2, and th e  magnet s h o r t  c i r c u i t  i s  removed.
The e x p e r im e n ta l  a rrangem en t i s  shown in  f i g u r e  (2 4 ) .
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Computer Program f o r  F a s t  F o u r ie r  Transform  o f  th e  Flowmeter 
S tep Response
The program i s  w r i t t e n  in  BASIC and was ru n  on th e  Nova 820, 
m in icom puter ,  under th e  d i s k  based  o p e r a t in g  system  RDOS.
The in p u t  was i n  th e  form o f  p a p e r  ta p e  from th e  N ic o le t  
s i g n a l  a v e ra g in g  system  to  a d i s k  f i l e  "D" and th e  o u tp u t  was to  
th e  l i n e  p r i n t e r .
The program inclu des d if fe r e n t ia t io n  o f  the step response to g ive
the impulse response required for the F .F .T .
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0 2 1 0  LFT YCM+O1 + 1 i=YCM+1 1-Y 4
0 220  LFt XCM+1l=XCM+1 1+Y3
0 23 0 LFt YCM+11=YCM+I1+Y4
0 24 0 LFT M=M+1
0 2 50 MFT'1* J
0 2 6 0 L FT M=M + 0 1
p pn p. njTTX'1' I
0 23 0 MFXT L . . .
*
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0 29 0 FOP" I = 0 T 0 M- 1
0 3 0 0  LFT X 1 = I
0 3 1 0  3 C5"B 044  0
0 3 2 0  I F  X 2 > = I TX FM 3 O'’' 0 0 3 9 0 .
0 3 3 0  LF'h X3=XC I + 11
0 340  LFT X C I+ 1 1=XCX2+11
03 50 LFt XCX2+11=X3
0 3 6 0  LFT X3=YCI + n
0 3 7 0  LFT v [ I + 1 1 =Y-C X2 + 1 1
0 3 3 0  LF'*' Y C X 2 + 1 1 = X3
0 39 0 MFXT I
0 39 4 OPFM FI L^C 0> 21 .> " 5 L P T "
0 4 0 0  FOP 1=0 T 0 M -l
0 4 0 5  LFT T,=50P(X<: I + 1 1 * 2+YC I + 1 1 t 2)
0 4 1 0  PPIMT* F I L F ^ l ^ I  / C t * M) , P / X» :  n , A T M C Y C I  + n / Y C I  + n > * 1 3 0 / 3 .  141
04 20 MFXT I •
04 25 CLO.SF FI LFT 01
043  0 3 C" 0 0 52 0
044  0 LFT X2= 0
04 50.F O P  X=1 T 0 3
04 60 LET X 3 = I ’!T( Y 1 /2 )
0 4 7 0  LFT X 2 = 2 * (X 2 -X 3 )+ X 1
043 0 LFT XI =X3
049 0 MFXT X . i
0 50 0 PFT tt^ M 
0 520 FMD
*
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Computer Programs f o r  F o u r ie r  S e r i e s  A n a ly s is  o f  Data P repared  on th e
D-Mac Curve T rac e r  •
The program s p r e s e n te d  a r e  upda ted  v e r s io n s  o f  th o se  o r i g i n a l l y
used  f o r  a n a l y s i s  o f  th e  d a t a  c o l l e c t e d  in  the  e x p e r im en ts  on dogs .
The program s a r e  w r i t t e n  i n  FORTRAN IV and u t i l i z e  some o f  th e
e x te n s io n s  to  ANSI F o r t r a n  p ro v id e d  by D ata G enera l C o rp o ra t io n
(e g .  CALL FSWAP).
The com plete  a n a l y s i s  r e q u i r e s  two exchangeab le  cor.e r e s i d e n t
program s each w ith  i t s  own s u b r o u t in e .  The f i r s t  program  r e a d s  in  the
d a t a  from a d i s k  f i l e  INPUT and p e rfo rm s  F o u r ie r  a n a l y s i s  u s in g  th e
s u b ro u t in e  CALIF. Impedance and o th e r  i n d i c e s  a r e  th e n  c a l c u l a t e d  i f
r e q u i r e d  by r e p l a c i n g  th e  f i r s t  program in  co re  by a  second by means o f
th e  FSWAP i n s t r u c t i o n .  S u b ro u tin e  SSIGN g iv e s  th e  c o r r e c t  v a lu e  to  a n g le s
d e r iv e d  u s in g  th e  ARCTAN f u n c t i o n .  D e ta i le d  o p e r a t in g  i n s t r u c t i o n s  f o r
a  s i m i l a r  program a r e  g iven  in  Appendix ( 9 ) .
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FOURIER ANALYSIS WITH CALI3RATED IMPEDANCE 
' OPTION TO TAKE DMAC DATA 13 12 75
REAL AC 1 2 0 0 ) , B C 5 1 2 ) ,E N O S C C 1 6 ) ,E N 0 C 1 6 ) ,
1 EXPT, MDL, MDL 2 ,  MDLP, MXH2 
INTEGER R IT E , PROCEED,QUATR,IMP,SGMNT,PSPED 
DOUBLE PRECISION SUM 
COMMON MiBFREQ,ALPHAC6 4 ) , 3ETAC6 4 )
CALL FOPEN ( 1 3 , ’’INPUT” )
DO 101 1 1 1 = 1 , 1 2 0 0  
101 A ( I I I ) = 9 9 9 9 9 . 9
FIRST QUESTION AND ANSWER ROUTINE
102 WRI TEC 1 3 , 1 )
READ( 1 1 ,  2 3 )  EXPT 
WRI TEC 10, 2)
READC1 1 , 2 4 )  RITE 
WRITE Cl 0 , 3 )
READ ( 1 1 , 2 1 )  PSPED .
VERIFY '■ ' "
WRITEC 1 3 ,  4 )  EXPT, R IT E ,P S P E D  
WRI TEC 1 0 ,  5)
READC11 , 24 )  PROCEED
I F  (PR O C EED .E Q .3 )  GO TO 102
CONTINUE
WRI TEC 1 2 , 4 )  EXPT, R IT E , PSPED
READ IN DATA 
DO 104 1 = 1 , 1 5 0  
-XI = 1 * 3 - 7  
K2=K1+7
READC1 3 , 2 5 )  CACJ1 3 3 ) , J 10 0 = K 1 ,K 2 )
I F  CRITE.EQ . 1) WRI TEC 1 2 ,  6) C AC J  1 03 ) ,  J  1 00=K 1, K2) 
I F  CACK1) . G T . 9 0 0 0 . ) GO TO 140 
134 CONTINUE
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SECOND QUESTION AND ANSWER ROUTINE
140 WRITE 0  0 , 7 )
READ ( 1 1 , 2 3 )  EXPT 
150 WRITE Cl 0 , 3 )
READ 0  1 , 2 4 )  QUATR 
WRITE 0  0 , 9 )
READ C l 1 , 2 6 )  CALI 3 
WRITEC 10* 10)
READC11, 2 1 )  NFIRST 
I F  C N F IR S T .G T .1 2 0 0 )  GO TO 98 
WRITEC 10 , 1 1 ) '
READC1 1 , 2 1 )  NLAST
VERIFY
WRITE C 1 0 ,  12) EXPT, QUATR, CALI B, N FIR ST , NLAST 
WRITE C1 0 , 5 )
READ Cl 1 , 2 4 )  PROCEED
I F  CPROCEED.EQ.0) GO TO 140
START OF ANALYSIS
WRITE Cl 2 ,  12) EXPT, QUATR, CALI 3 ,  N FIR ST , NLAST
DONT CALCULATE M IS S IN G ■SEGMENTS 
I F  C CALI 3 . LE» 0 . 0 0 1 )  GO TO 110  
SGMNT=QUATR-1 
N=NLAST-NFIRST 
N 1=N+ 1
BFREQ=PSPED/CN1 * 1 . 0 )
SUM=0•0  
DO 105 1 = 1 , N1 
N 3 = N F IR S T -1 + 1 
. S UM= S UM+A C N3)
105 3 C I ) =ACN3)
SUM=2*SUM/N1
DCL=CALT3*SUM/2.00
SL=CACNFIRST)-ACNLAST)) * CA LI3/N
WRITE C12 , 13) DCL,SL
ANALYSIS TO 20H2 OR 10 HARMONICS
M = 1 
107 MXH2 = M*8FREQ
IFC M X H 2.G T.2 0 )  GO TO 109 
IF C M .G T .1 0 )  GO TO 109 
M=M+ 1 
GO TO 107 
109 M1=M+1
CONTINUE
3 4 0
o
o
o
 
oo
 
o
o
o
o
 
oo
 
o
o
o
CALCULATE FOURIER COEFFICIENTS
•CALL CALIF C3 * N*M*ALPHA*BETA*SGMMT)
■WRI TEC 12*. 14)
MULTIPLY COEFF. 3Y CALIBRATION FACTOR 
QTOT=0.0 
DO 106  I = 1 * M1 
1 1 = 1 -1
I 2=1 + CSGMMT*16)
Q7=ALPHACI 2 ) * CALI 3 
Q8=BETA(1 2 ) *C A L I3 
ALPHACI 2 ) =Q7 
BETACI 2 ) =Q8 
MDL2=Q7*Q7+QS*Q8 
MDL=SQRTCMDL2)
MDLP=MDL*I1
PHSE=ATAMCQ3/Q7) *  1 8 0 / 3 •  14159  3 
FREQ = 3 F R E Q * I1
WRI TEC 12* 15) I I *  FREQ* Q7* Q8* MDL* PHSE 
I F  C I . N E . l )  QT0T=QT0T+MDL2 
106 CONTINUE
CALCULATE FLOW P IE S  
IF C Q U A T R .L T .3) GO TO 150
ORIGINAL PI 
QMEEN2=C ALPHAC 1 + SGMMT* 1 6 ) / 2 .  0 ) * * 2  
PIORIG=QT0T/QMEEN2
SIMPLE PI 
QMAX=ACNFIRST)
QMIN=QMAX 1
DO 103 IMXN=NFIRST*NLAST 
IFC QMAX.LT.AC IMXN) )  QMAX=ACIMXN) 
IFCQM IN.GT.ACIM XN)) QMIN =ACIMXN)
103 CONTINUE
PKPK=CQMAX-QMIN) * CALI 3
PI SIMP=PXPX/DCL
WRITEC 10* 17) P IO R IG * P I  SIMP
WRI TEC 12* 17) PI ORI G* PI SI MP . . . .
I F  DATA COMPLETE OFFER IMPEDANCE PROGRAM
110 I F  C QUATR.EQ.4 )  GO TO 108 
GO TO 150 
108 WRITE C10* 16)
READ Cl 1 * 2 4 )  IMP
I F  C IM P .M E .1) GO TO 93
I F  C IM P .E Q .1) CALL FSWAP C” FC2ED” )
GO TO 98
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FORMAT STATEMENTS 
OUTPUT
1 FORMAT ( I X , ’ GIVE EXPERIMENT CODE TNO CHARACTERS ’ )
2 FORMAT ( IX, ’ TO PRINT OUT DATA TYPE 1 ’ )
.3  FORMAT ( I X , ’ GIVE PAPER SPEED IN MM PER SEC ’ )
*4 FORMAT (2 X , ’ EXPERIMENT ’ , A 5 / ' COPY ' , 1 3 /
1 ' PAPER SPEED = * ,  I 3 ,  ' MM/SEC’ , / / )
5 FORMAT ( I X , ’ IS  THAT CORRECT YES TYPE 1 -  NO TYPE 0
6 FORMAT ( ’ DATA ’ ,  3 F 3 . 3 )
7 FORMAT ( I X , ■' GIVE MEASUREMENT CODE TNO CHARACTERS ' )
3 FORMAT ( 1 X  ^ * GIVE MEMORY QUARTER I I ’ )
9 FORMAT ( I X , '  GIVE CALIBRATION CONSTANT F 6 . 4  ' )
13 FORMAT ( I X , '  GIVE NO OF FIRST DATA POINT ’ )
11 FORMAT ( I X , ’ GIVE 'NO OF LAST DATA POINT ' )
12 FORMAT .( / /  2X, ' MEASUREMENT ' ,  AS/
1 '  MEMORY QUARTER = ' , 1 1 , /
2 '  CALI BRATI ON CONSTANT = ' , F 6 . 4 , /
3 '  ANALYSIS POINTS ’ , 1 5 , '  TO ’ > 1 5 / )
13 FORMAT C SX ,'D C  LEVEL = ’ , F 1 1 . 4 ,  5X, ' SLOPE = . F 1 1 . 4 / )
14 FORMAT C IX ,T 2 ,  ' I P ' , T 1 3 ,  1 FREQ * , T 2 2 ,  * ALPHA P ’ , T 3  6 ,  ’ BETA
ITS 1, ' M O D U L U S ' ,T 6 7 , 'P H S E ' , / )
15 FORMAT ( IX , 1 2 ,  FI 0 . 3 ,  4S1 5 . 7 )
16 FORMAT ( I X ,  ’ TO CALCULATE IMPEDANCE TYPE 1 ' )
17 FORMAT C 1 X , / / , 5 X ,  ’ ORIGINAL PI = ’ , F 1 0 . 5 ,  ’ SIMPLE PI
INPUT -
21 FORMAT ( 1 3 )
23 FORMAT (A2)
24 FORMAT ( I I )
25 FORMAT ( F 7 . 0 , 7 F 3 . 0 )
26 FORMAT ( F 6 . 4 )
98 CALL FCL05 ( 1 3 )
STOP
END
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FOURIER ANALYSIS SUBROUTINE
SUBROUTINE CALIF ( F ,N ,IP M A X ,A P ,3 P ,IS G M N T ) 
DIMENSION F ( 5 1 2 ) , A P ( 6 4 ) , B P ( 6 4 )
.DOUBLE PRECISION U 0 ,U 1 ,O 2  
NN=N+1 
FM=N
WRITE ( 1 0 , 1 5 )
WRITE ( 1 2 , 1 5 )  ,
FORMAT ( I X ,  f FOURIER ANALYSIS * ) 1
ANALYSIS ,
NL=N
C l= C O S (6 . 2 8 3 1 3  5/MM)
S 1 = S I N ( 6 . 2 3 3 1 3 5 /N N )
C = 1 .0
S = 0 . 0  ,
I P=0 
U 2 = 0 . 3 
U 1 = 0 .0  
N=NN 
CC=C+C
U 3=F( M) + CC*U1-U 2 
U2=U 1
U1=U0 ‘
N=N- 1
I F  ( N . N E . 1) 30 TO 30 
I P P = I P + 1 + ( IS3M N T*16)
A P ( I P P ) = 2 .  3 * ( F (  1 ) + C* U1 - U 2) /NiN
B P ( IP P )= 2 .0 * S * U 1 /N M
I F  ( IP .E O .IP M A X ) GO TO 25
Q =C 1*C -S1*S
S=C 1*S+S1*C
C=Q
IP-lP+1 
GO TO 23 
RESTORE N '
N=NL
RETUFLN
END
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C SWAP PROGRAM TO CALCULATE THE VARIOUS IMPEDAMCES/INDICES
C
DIMENSION FREQC 1 6 ) ,2 I N C  1 6 ) ,2 0 U T (  16),DELTAPC 1 6 ),2L 0N G C  1 6 ) ,  
1 PH 11N ( 1 6 ) ,  PHI 0 UT( 1 6 ) , PHI DP( 1 6 ) , P H IL ( 1 6 ) ,
2PARC1 6 ) , PHIPARC16) , QARC1 6 ) ,  PHI QARC 1 6)
COMMON M, 3FREQ, ALPHAC6 4 ) , BETAC64)
INTEGER P 2 ,Q 2  
WRITE Cl 2 ,  7 0 )
WRITE ( 1 3 , 7 2 )
READ ( 1 1 ,7  3) P2 
WRITE ( 10 , 7 4)
READ ( 1 1 , 7 3 )  Q2 
Ml=M+l
DO 90  1 = 1 , Ml 
1 1 = 1 -1
FREQCI) = 3FREQ*I 1 
A1=ALPHACI)
A 2 = 3 E T A (I )
B1=ALPHA(16+1)
3 2 = 3 E T A (16+ 1)
C1=ALPHA(3 2 + I )
C 2= 3E T A (3 2 + 1 )
D1=ALPHAC 4 8 + 1 )
D 2 = B E T A (4 3 + I)
C •
C CALCULATE INPUT IMPEDANCE
PI = 3 . 1 4 1 5 9 2 6 5
2 IN C I )  = S Q R T C ( A 1 * * 2 + A 2 * * 2 ) / ( C 1 * * 2 + C 2 * * 2 ) )
PHI = ATAN( A 2 /A 1 )
CALL SSIGNCA2, A 1 , PH 1 , PH A S E l)
PH2 = ATAMCC2/C1)
CALL S S IG N C C 2 ,C 1 , PH 2,PH A SE2)
PHASE = PHASE1 -  PHASS2 
PHI I NCI )  = PHASE*18 0 . 0 / P I
C
C CALCULATE RUN OFF IMPEDANCE
I F C Q 2 .N E .0 )  GO TO 10 
2 OUT( I )= 0  
PHI OUT( I ) =0 
GO TO 20
10 20U T C I)  =SQ R T (( 3 1 * * 2 + 3 2 * * 2 ) / ( D1* * 2 + D 2 * * 2 ) )
PHI =ATAN( 3 2 / B1)
CALL S SIG N C 32, 3 1 , P H I ,  PHASED 
PH2 =ATAN( D 2 /D 1)
CALL SSIGNCD2, D l ,P H 2 ,P H A S E 2 )
PHASE = PHASE1 -  PHASE2 
PHI OUT( I ) = PHASE*1 8 0 . 0 / P I
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DELTAPCI) =0 
PHI DP C l)  =3 
GO TO 33 
21 DU 1 = C A 2 - 3 2 )
DU2 =CA1- 3 1 )
DELTAPCI) -  SQRTCDU2**2+DU1**2)
PH =ATA'J ( DU 1 /  DU 2)
CALL SSIGN C DU 1j DU2.» PH* PHASE)
PHI DP( I ) = PHASE*1 3 3 . 3 / P I
CALCULATE LONGITUDINAL I HPEDAMCE USING Q2
30 I F  C P 2 .N E .0 )  GO TO .31 
P H IL C I) =0
31 I F  C Q 2 .N E .0) GO TO 32 
2L0NGCI) =3
P H IL C I)  =0 
GO TO 43
32 2LONG C l ) = DELTAPCI) /SORTC D 1 * * 2 +D2**2)
P H IL C I) = P H IO P C I) -P H A S E 2 * 1 3 3 .  3 / P I  x
CALCULATE AMPLITUDE RATIOS
40 I F C P 2 .N E .0 )  GO TO 41 
PARC I )  =3
PHI PARC I )  =0 
GO TO -53
41 PARC I ) =SQRTC C 3 1 * * 2 + 3 2 * * 2 ) / C A 1**2+A 2**2) )
PH1=ATANCA2/A1)
CALL SSI GNCA2*A1* PHI * PHASE!)
PH2=ATANC 3 2 /3 1  )
CALL SSI GNC 3 2 * 3 1 *PH2*PHASE2)
PHASE=PHASE1-PHASE2 
PH IP A R C I)=PH A SE *1 3 0 . 3 / P I
53 I F  C Q 2 .N E .0 )  GO TO 51 
QARCI) =3 
PHIQARCI) =3 
GO TO 60 ’
51 Q A R C I)= S Q R T C C D 1 * * 2 + D 2 * * 2 )/C C 1 * * 2 + C 2 * * 2 ))
PH 1 =AT AN C C 2 /  C 1 )
CALL SSI3NCC2* C b P H L  PHASEl )
PH2=ATANCD2/D1)
CALL 5SIGMCD2* D1* PH2*PHASE2)
PHASE=?HA5E1-PHASE2 
PHIQARCI) =PHASE*1 8 0 .  0 / P I
6 0  URITEC 12^ 7 1) I 1* FREQCI )* 2 I N C I ) * PHI IN C I )* 2 0 U T C l ) *  PHI OUTCl )* 
1DELTAPCI )* PHIDPCI  ) * 2 LON3 C l ) * P H I L  C I )* PARC I )* PHI PARC I ) * 
2QARCI) * PHI QARCI )
70 FORMAT C 2X* ' H FREQ 2 IN PHI IN 20UT PHI OUT
1 DELTA P PHI DP 2 LONG PHILONG PAR
2 PHI PAR QAR PHI QAR ' / / )
7 1 FORMAT C2X* 1 2 ,  2 X ,F 6 .  3* 6CF9 . 4 *  F 9 . 2 ) / / )
72  FORMAT C2X*'  UAS P2 MEASURED YES TYPE 1-NO TYPE 0 ' / )
73  FORMAT CI 1)
-74 FORMAT C 2X* ’ NAS Q2 MEASURED YES TYPE 1-NO TYPE 3 * / )
9 0 CONTINUE 
CALL F3ACK 
END
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SUBROUTINE TO PUT ANGLE IN RIGHT QUADRANT
SUBROUTINE SSIGN C RED*BLUE,PINK,GREEN)
REAL BLUE, RED, PINK,  GREEN, PI 
P I = 3 . 1 4 1 5 9 2 6 5
I F  ( RED. GE. 0• 0 .AND. BLUE. GE. 0 . 0 )  GREEN 
IF  (RED. GE. 0 . 0  .AND.V 3 L U E . L T . 0 . 0 )  'GREEN 
I F  ( RED. LT. 0 . 0  .AND.  BL UE . GT . 0 . 0 )  GREEN 
I F  (RED.  LT. 0 . 0  .AND. 3L U E .L T . 3 .  0)- GREEN 
I F  (RED.  NE. 0 . 0  .AND. BL UE . E Q. 0 . 0 )  GREEN 
RETURN 
END
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= PINK 
= PI NK+PI  
= PINK+ 2 . 0 * P I  
= PI NK+PI  
= P I / 2 . 0
APPENDIX (6)
D ata from R epeated  D e te rm in a t io n  o f  the  Impedance o f  th e  Model. Tube
The fo l lo w in g  t a b l e s  (T ab le  23) g iv e  th e  d a t a  used  to  
d e r iv e  th e  modulus o f  impedance o f  th e  u n c o n s t r i c t e d  ru b b e r  tube  
measured on fo u r  s e p a r a t e  o c c a s io n s .  The v a lu e s  g iven  f o r  p r e s s u r e  
and f lo w  a r e  th e  p eak  to  p eak  am p li tu d e  o f  th e  s i n u s o i d a l  wave a s  
r e a d  from th e  c h a r t  r e c o r d e r .  >
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AFrequency P re s s u re  Flow Impedance
"1(Hz) P(mmHg) Q(ml/min) Z(mmHg. ml • min)
0 9 .5  460 .207
2.17  110 1320 .083
3.33  160 1760 .091
4 .35  200 2160 .093 .
5 .26  240 2440 ' .098
6.27  255 2480 .103
- 7 .19  265 2580 ,103
8.03 275 2600 .106
8.55  280 2700 .104
Table  (23)
Modulus o f  impedance o f  u n c o n s t r i c t e d  ru b b e r  tube  m easured on
4 s e p a r a t e  o c c a s io n s ,  f l u i d  s a l i n e ,  t r a c i n g s  r e a d  to  0 .5  mm =
5 mmHg o r  20 m l/m in .
A -  F i r s t  o c c a s io n
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BFrequency Pressure Flow Impedance
(Hz) P(mmHg) Q(ml/min) Z(mmHg. ml~*\ min)
0 100 400 .25
.37  25 240 .104
.90  50 560 .089
1 .3 4  70 840 .083
2.45  120 1280 .094
3 .4 2  175 1720 .102
4 .8  -250 2380 .105
5 .5  280 2560 .109
6 .58  205 2500 .118
7 .8 0  335 2580 5130
8 .73  355 2849 .125
Table  (23)
Modulus o£ impedance o f  u n c o n s t r i c t e d  ru b b e r  tube  m easured on
4 s e p a r a t e  o c c a s io n s ,  f l u i d  s a l i n e ,  t r a c i n g s  r e a d  to  0 .5  mm =
5 mmHg o r  20 m l/m in .
B -  Second o c c a s io n
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cFrequency Pressure Flow Impedance
(Hz) P(mmHg) Q(ml/min) Z(mmHg,ml*"l min)
0 110 440 .25
.67  40 460 .087
1.28  70 780 .090
1.86  90 .1000 .090
3 .08  140 1500 .093
4 .3 4  190 2000 .095
5.68  250 2520 .099
.7 .25  300 2560 .117
7 .9 4  315 2600 .121
9 .0 0  335 2680 .125
9 .7  380 2880 .132
Table (23)
Modulus o f  impedance o f  u n c o n s t r i c t e d  ru b b e r  tube  m easured on
4 s e p a r a t e  o c c a s io n s ,  f l u i d  s a l i n e ,  t r a c i n g s  re a d  to  0 .5  mm =
5 mmHg o r  20 m l/m in .
C -  T h ird  o c c a s io n
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DFrequency Pressure Flow Impedance
(Hz) P(mmHg) Q(ml/min) Z(mmHg.ml \  min)
0 110 440 .25
.61 35 420 .083
1 .6 4  80 1000 .080
2 .82  125 1400 .089
3 .9 5  170 1900 .089
5.1 225 2400 .094
6 .2  255 2520 .101
7 .46  270 2500 .108
8 .4 4  305 2720 .112
9 .16  330 2820 .117
T able  ( 23 )
Modulus o f  impedance o f  u n c o n s t r i c t e d  ru b b e r  tube  m easured on
4 s e p a r a t e  o c c a s io n s ,  f l u i d  s a l i n e ,  t r a c i n g s  r e a d  to  0 .5  mm =
5 mmHg o r  20 m l/m in .
D -  F o u r th  o c c a s io n
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D e r iv a t io n  o f  Flow Energy in  th e  Model
K!
■2K2
= mean f lo w  r a t e 3 < r 1 cm. .5
= p eak  to  p eak  f lo w 3 C~1cm • 5
P = l a t e r a l  p r e s s u r e dynes.cm
£ = f req u en cy -1s
P = d e n s i t y
-3gm. cm
A = c r o s s  s e c t i o n a l  a r e a 2cm
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The tim e averaged  k i n e t i c  energy  p e r  u n i t  w eigh t 
e q u a ls  f
V ( t)^  d t  (B erguer and Hwang 1974, e q u a t io n  14)
2g V (t)  d t
f  (s l A 3 [  3
J _  J t V  a  J  d t  =  _1_ J t  Q ( t )  d t  .  \  . A
29 J  d t  29 J  Q W  d t  * 3
1 I  — 3T Q(t )  d t  ;2gA2 |  Q (t)  d t
For a mean term p lu s  a s in u s o id a l  term t h i s  becomes,
^  X X J I l t  c t V C i ' a y  C U  < - J u < ^  C H W I  y _ y  X ' v— 1 i / u i j .  «» v . v / v  v _ j l  i  y _ y  \ _ j l \ _  ,
o r  K in e t ic  energy  p e r  u n i t  w eigh t averaged  o ver  one c y c le
,  [  -+ K2 s i n  wt) d t  ^
2gA2
Z (K^ + K2 s i n  wt) d t
T = I  , w = 2TT£ T = 2 IT  
f  w
c o n s id e r in g  th e  n u m e ra to r :
j ■ h  3 d t  + J K23 s i n 3 wt d t  + J 3K^K22 s i n 2 wt dt-tJ^Kj 2 K2 s i n  wt d t
1 s t  term  = ^ t ^  (2 )
2nd term = ]■K23 I s i n 3 wt d t
= K.
. 2s m  w t, s m  wt d t
2s in  wt ( l  -  cos  wt) d t
l e t  u  = cos wt, »*, du =
d t
-  w s i n  wt, / , - s i n  wt = ~1_ , du
w d t
. . 2nd term  = Kr 1_ . du • ( l - u ) d t  
w d t
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3rd  term ,
4 th  term
M
"T
' ' a
= J 3Ki K ^ s in ^  v t  d t
1. 2= 3K„K- s in  wt d t  = 3X
= 3 K.K„2 | t  -  s i n  2. wt |
2 1 2 L 25  J
:1K22 j l^ cos 2. wt d t
(4 )
■ J3K K_ s in  wt d t  1 2
3K12 K2
i , 3« ]  -  O  [
(5 )
K ~ 1 cos wt
w
-  cos wt ]  + 3K X 2 T t  -  s i n  z  wt 1
— L 2 w J
t-  3K  ^ j cos  wt
2*ff
w
, 3 2i r  -  o -  k23
W W
1 1 - 1 -1  + l |  + 3K
3 3 J  — J
K, 2 *TT - 0 - 0  +-0
w
“  3K1 K2
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]
w \
Numerator J (K1 .+  K2 s i n  w t ) 3 a t  = 2 TT [ K i 3 > |  K,K22 j
C o n s id e r in g  th e  denom inator
2gA2 + IC2 s in  wt) d t  = 2gA2 f  K ^ t  + J  K2 s in  wt d t
2gA2 J^K jtJ  + 2gA2 | - K g  cos_wt J b u t  T = 2 IT
= 2gA2 | 2 £ .  . K -  0 -  K + K = 2gA2 . 2Tt . K
I w - -  —  wL w w J
K in e t ic  energy  p e r  u n i t  w eigh t averaged  o ve r  one cy c le
2 2 
= V + “ K22 ' 2  2gA 2TT . K  -
w . 1 2gA
T o ta l  energy  p e r  u n i t  w eigh t = p o t e n t i a l  energy  + k i n e t i c  Energy
P o t e n t i a l  energy  ( p r e s s u r e ) / u n i t  w eigh t = P
Agaveraged  o ve r  one c y c le  ^
n o t e :
in  f u t u r e  r e f e r e n c e s  P = mean p r e s s u r e  over  one c y c le
T o ta l  energy  p e r  u n i t  w eigh t averaged  o v e r  one cy c le
2 2 
= X  + r /  + 3 K *
S>9 2
2gA2
(9)
w eigh t s u p p l ie d  = mass x g x tim e
time
w eigh t s u p p l i e d / c y c l e  = volume x d e n s i t y  x g x T
tim e
= K x  /  x  g x  1_ 
■1 f
, T o ta l  energy  p e r  c y c le
( - L  + S 2 + ^ K22
y>9 2
2gA
= K. |  P +
• 2A
2 2 
+ 3 C
2 1 '  2
( 10)
S ("S
(A) Energy R a t io  dow nstream /upstream  in  model
( 11)
ERATIO = £ f '  ' i ?  [ ^ * 1  ^ 2] )
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2A Pu +
EEATIO= ^  P> ^ i " 2 + I  ( * 2 N2
2A2 Pu + A  ^Q2 + 3 ( q ^ 2
(P  + Q i n  c . g . s . )  0 2)
(b ) Energy lo s s e s  i n  m o d e l /c y c le
Energy l o s s / c y c l e  = Energy u p s t r e a m /c y c le  -  Energy dov/nstrearn /cycle
2A
[s2-s2*l K )2 -| (“a)2]
= K PU - '  Pfy + /<3
2A2 1 (v -n 2Q, (13)
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APPENDIX ( 8  )
The S u r g ic a l  P rocedure  f o r  Bypass G ra f t in g
A l l  bypass  o p e r a t io n s  f o r  o c c lu s io n s  o f  th e  s u p e r f i c i a l  fem o ra l  a r t e r y
a r e  perfo rm ed  by th e  f o l lo w in g  method ( c f .  f i g u r e  ( 2-S) .
P r e p a r a t io n
1, The co u rse  o f  th e  long  saphenous v e in  in  th e  a f f e c t e d  lim b i s  marked 
on th e  sk in  b e fo re  p r e m e d ic a t io n ,  '
2 , The p a t i e n t  h a s  a  g e n e ra l  a n a e s t h e t i c ,
3, The o p e r a t io n  i s  pe rfo rm ed  w ith  th e  p a t i e n t  ly in g  s u p in e ,
4, L o n g i tu d in a l  i n c i s i o n s  a r e  made in  th e  g r o in  and th e  m ed ia l  a s p e c t
o f  th e  low er t h i r d  o f  th e  th ig h ,  c lo s e  to  th e  co u rse  o f  th e  long
saphenous v e in ,  b u t  ta k in g  c a re  n o t  to  damage th e  v e i n ,
5, The upper  and low er ends o f  th e  v e in  a r e  examined to  a s s e s s  w hether
o r  n o t  i t  i s  s u i t a b l e  f o r  u se  a s  a bypass  g r a f t ,
6, The common fem o ra l  a r t e r y  ( to  th e  p ro fu n d a  fem o ra l  b ran ch )  and th e  
p o p l i t e a l  a r t e r y  a r e  exposed and examined to  confirm  t h e i r  p a te n c y
, and s u i t a b i l i t y  to  a c c e p t  th e  g r a f t .
7* P re s su re  and flow  measurements a r e  made a s  d e s c r ib e d  in  th e  t e x t ,
8, I f  a v e in  bypass  i s  n o t  c o n s id e re d  p o s s i b l e  a  T e f lo n  p r o s t h e t i c  bypass  
g r a f t  o r  a l t e r n a t i v e  p ro c e d u re s  eg .  e n d a r te re c to m y ,  a r e  p e rfo rm e d .
The Vein
9 . I f  i t  i s  d ec id ed  to  p ro cee d  w ith  a v e in  b y p ass  o p e r a t i o n ,  a d d i t i o n a l  
l o n g i t u d i n a l  i n c i s i o n s  a r e  made in  th e  co u rse  o f  th e  lo n g  saphenous 
v e in  and i t  i s  e x c ise d  co m p le te ly  from th e  g ro in  to  below  th e  k nee .
The t r i b u t a r i e s  a r e  d iv id e d  between l i g a t u r e s  c lo s e  to  t h e i r  j u n c t i o n s  
w ith  th e  v e i n .
10, The p ro x im a l and d i s t a l  ends o f  th e  v e in  a r e  marked w ith  d i s s i m i l a r  
clamps f o r  easy  r e c o g n i t i o n .
11. The e x c is e d  v e in  i s  d i s te n d e d  w ith  h e p a r i n i s e d  s a l i n e  (5000 I .U .  in
✓
500 m is N. s a l i n e )  to  t e s t  f o r  l e a k s  which a r e  c lo s e d  w ith  f i n e  
s u tu r e s  ( .0 0 0 0 0 ) .
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The P r o s t h e s i s
12. In  th e  case  o f  a p r o s t h e t i c  g r a f t  b e in g  n e c e s s a r y  a com m ercia lly
a v a i l a b l e  T e f lo n  p r o s t h e s i s  o f  a d ia m e te r  ap p ro x im a te ly  t h a t  o f  th e  
s u p e r f i c i a l  fem o ra l  a r t e r y  i s  s e l e c t e d .
13« Tension  i s  a p p l ie d  to  th e  p r o s t h e s i s  and a s t r e t c h e d  l e n g th ,  s l i g h t l y
g r e a t e r  than  th e  le n g th  o f  th e  a r t e r y  to  be bypassed  i s  c u t .
The A r te ry
14. The s e c t i o n s  o f  th e  common fem o ra l  and p o p l i t e a l  a r t e r i e s  which have
been chosen f o r  an as to m o s is  w ith  th e  g r a f t  a r e  i s o l a t e d  between clam ps. 
H ep a r in ise d  s a l i n e  i s  i n j e c t e d  i n t o  th e  p rox im al and d i s t a l  v e s s e l s  
to  p r e v e n t  th ro m b o s is  due to  s t a s i s .
15* An o v a l  window o f  a  s u i t a b l e  s i z e  to  a c c e p t  th e  g r a f t  i s  c u t  i n t o
th e  f r o n t  o f  th e  common fem o ra l  a r t e r y  and th e  m e d ia l  s id e  o f  th e  
p o p l i t e a l  a r t e r y .
16. G rea t  c a re  i s  tak en  to  avo id  r a i s i n g  i n t im a l  f l a p s  which may o b s t r u c t
f lo w . I f  th e  a r t e r y  i s  narrow ed c o n s id e r a b ly  by d i s e a s e  i t  i s
widened w ith  a v e in  p a tc h  r a t h e r  th an  by l o c a l  e n d a r te re c to m y .
The A nastom osis *
17. I f  th e  g r a f t  i s  a v e in  i t  i s  r e v e r s e d  and th e  p ro x im al end anastom osed  
to  th e  s id e  o f  th e  p o p l i t e a l  a r t e r y .  The v e in  i s  s p l i t  l o n g i t u d i n a l l y  
from th e  end to  f a s h io n  a stoma o f  s u i t a b l e  s i z e .
18 . A T e f lo n  g r a f t  i s  c u t  i n t o  a b e l l - s h a p e  and s e a le d  u s in g  a  c a u te r y  to
p r e v e n t  f r a y in g ,  and s i m i l a r l y  a f f i x e d .
79. The an as to m o s is  i s  c a r r i e d  o u t  w ith  a c o n t in u o u s  s u tu r e  o f  .0000
m e rs e le n e .
20. The g r a f t  i s  th re a d e d  th rough  a s u b - f a s c i a l  tu n n e l  to  th e  common 
fem o ra l  a r t e r y .  I t  i s  d i s te n d e d  w ith  s a l i n e  to  e n su re  t h a t  i t  i s  n o t .  
tw i s t e d ,a n d  trimmed to  a  s u i t a b l e  s i z e .
21. The f r e e  end o f  th e  g r a f t  i s  f a s h io n e d  i n t o  a  s u i t a b l e  stoma, and 
anastom osed to  th e  common fem o ra l  a r t e r y  a g a in  u s in g  a c o n t in u o u s  
s u tu r e  o f  .0000 m e rs e le n e .
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22. J u s t  b e fo re  com ple tion  o f  th e  an as to m o s is  th e  p ro x im a l clamp i s
te m p o ra r i ly  removed to  f l u s h  away, any b lood  c l o t  which may have formed
d u r in g  th e  p e r io d  o f  c lam ping ,
23, On com ple tion  o f  th e  an as to m o s is  th e  clamps a r e  removed and tim e a l low ed  
f o r  b le e d in g  from th e  s u tu r e  l i n e s  to  s to p  b e fo re  p r e s s u r e  and f lo w  
m easurem ents a r e  made a s  d e s c r ib e d  in  th e  t e x t .
24, The d im ens ions  o f  th e  g r a f t  a r e  m easured and th e  i n c i s i o n s  c lo se d  w ith
.00  chrom ic c a t g u t  s u tu r e s  i n  th e  f a s c i a  l a t a  and .00  m e rse len e  in  the
s k in .  .
25. A s u c t io n  d r a in  i s  i n s e r t e d  i f  c o n s id e re d  n e c e s s a r y .
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APPENDIX (9)
Computer Programs to  c a l c u l a t e  H y d ra u l ic  Impedance by F o u r ie r  A n a ly s is  
from measurements o f  P re s su re  and Flow waves
Two s e t s  o f  program s a r e  a v a i l a b l e ,  w r i t t e n  in  FORTRAN IV
A) Given one p u l s e  c y c le  o f  p r e s s u r e  and f lo w  waveforms to  c a l c u l a t e
( i )  F o u r ie r  harm onics  ( i n c l .  m ean term ), f r e q . , m od., p h a s e .
( i i )  Impedance 
( i i i )  Flow " P u l s a t i l i t y "  i n d i c e s  (P I  and P I 1) -
B) Given one p u l s e  c y c le  o f  p r e s s u r e  and f lo w  waveforms, measured 
bo th  ups tream  and downstream, to  c a l c u l a t e ,  f re q u e n c y ,  modulus 
and phase  o f
F o u r ie r  harm onics 
In p u t  impedance 
R u n -o ff  impedance 
L o n g i tu d in a l  impedance 
P re s s u re  drop 
P re s su re  am p li tu d e  r a t i o  
Flow am plitude  r a t i o7
and the
8) Flow " P u l s a t i l i t y ” i n d i c e s
P rovided  upstream  p r e s s u r e  and f lo w  a r e  p ro v id e d  th e  absence  o f  
e i t h e r  o r  bo th  o f  th e  downstream m easurem ents i s  c a t e r e d  f o r .
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C o n s is ts  o f  program s MAIN
s u b ro u t in e  CALIF
" ZED
" SSIGN
In p u t  f ro m :
d i s k  f i l e  INPUT, c o n s i s t i n g  o f  up to  1200 d a t a  p o i n t s  in
l i n e s  o f  8, fo rm a t  F7*0, 7F8.0 -  (N ic o le t  c o m p a tib le )
l a s t  l i n e  to  b eg in  " sp a c e  999999 sp a c e " .
The d a t a  f i l e  o f  i n t e r e s t  i s  p la c e d  in  INPUT by an XFER
command b e fo re  s t a r t i n g  th e  program .
O p era tin g  g u id e :
1) To s t a r t  program type  FCONEZED 
FIRST QUESTION,/ANSWER ROUTINE
2) Console r e a d s :  GIVE PATIENT CODE TWO CHARACTERS
The r e p l y  i s  two a lp h a -n u m e r ic s ,  u s u a l l y  th e  p a t i e n t ' s  i n i t i a l s .
3) Console r e a d s :  TO PRINT OUT DATA TYPE 1
I f  a  copy o f  th e  d a t a  i s  r e q u i r e d  ty p in g  1 w i l l  p roduce
l i n e p r i n t e r  copy o f  th e  in p u t  f i l e .  Otherwise" j u s t  ty p e  r e t u r n .
4) C onso le : GIVE DWELL TIME IN MILLISEC
This r e q u i r e s  a  s i n g l e  i n t e g e r  r e p l y  f o r  th e  d w e ll  tim e used  when 
sam pling  th e  s i g n a l  w ith  the  N ic o l e t  system .
VERIFY
5) Console then  a sk e s  f o r  v e r i f i c a t i o n  o f  th e  answ ers a l r e a d y   ^
r e c e iv e d .  Typing 1 cau ses  c o n t in u a t i o n ,  ty p in g  0 r e t u r n s  to  
s te p  2.
READ DATA
6) Program r e a d s  d a t a  from in p u t  f i l e  and c o p ie s  on th e  l i n e  p r i n t e r  
i f  r e q u e s t e d .  On com ple ting  th e  r e a d
SECOND.QUESTION./ANSWER ROUTINE
7) C onso le : GIVE MEASUREMENT CODE TWO CHARACTERS
T h is  code i s  u s u a l l y  e q u iv a le n ts  to  th e  N ic o l e t  d a t a  ta p e  number
and m ere ly  i d e n t i f i e s  th e  measurement c o n d i t io n s  t o . b e  a n a ly se d  
e g .  05 -  A f te r  r e c o n s t r u c t i o n ,  p ro fu n d a  open .
N.B. The l i n e  p r i n t e r  may s t i l l  be copying th e  d’a t a  under th e  sp o o l in g  
system , b u t  does  n o t  h o ld  up th e  q u e s t io n /a n s w e r  r o u t i n e .
8) C onsole : GIVE MEMORY HALF 11 
P re s su re  shou ld  be in  1, f lo w  i n  2.
9) C onso le : GIVE.CALIBRATION CONSTANT F 6 .4
This  i s  th e  c o n s ta n t  which c o n v e r t s  N ic o le t  co u n ts  to  mmHg 
o r  ml/min. Note th e  fo rm a t  r e q u i r e d .
10 ) .  C onso le : GIVE NO OF FIRST DATA POINT
T his  i s  th e  p o s i t i o n  in  th e  f i l e  INPUT o f  th e  f i r s t  p o i n t  o f  
th e  c y c le  to  be a n a ly se d  and shou ld  be a 4 d i g i t  i n t e g e r .
I f  g r e a t e r  than  1200 th e  program goes to  STOP.
11) C onso le : GIVE NO OF LAST DATA POINT
S im i la r  to  above b u t  no check f o r  1200 
VERIFY
12) Console r e q u e s t s  c o n f i rm a t io n  o f  p r e v io u s  an sw ers .  I f  r e p l y  i s  
0 r e t u r n  to  s te p  7»
FOURIER ANALYSIS
13) Program e n t e r s  s u b ro u t in e  CALIF to  p e rfo rm  a n a l y s i s  and ty p e s  
FOURIER ANALYSIS. R e s u l t s  a r e  o u tp u t  on to  th e  l i n e  p r i n t e r .
I f  a f lo w  wave h as  been a n a ly se d  ( i e .  HALF = 2) p u l s a t i l i t y  i n d i c e s  
a r e  a l s o  g iven  and echoed on th e  c o n s o le .  A n a ly s is  i s  to  12 HZ 
o r  15 harm onics  w hichever i s  th e  l e s s .
14) On com ple tion  (b e fo re  l i n e  p r i n t e r  h a s  f i n i s h e d )  program  r e t u r n s  
to  s te p  8 i f  l a s t  h a l f  was 1. I f  l a s t  h a l f  was 2 c o n s o le  g iv e s  
TO CALCULATE IMPEDANCE TYPE 1. For answer 1 program  c o n t in u e s ,  
o th e rw is e  goes to  STOP.
IMPEDANCE CALCULATION *
15) Program e n t e r s  s u b ro u t in e  ZED to  c a l c u l a t e  modulus and p h ase  o f  
impedance a t  each harm onic . R e s u l t s  a r e  o u tp u t  to  th e  l i n e  p r i n t e r
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and the program blUFb. •
16) The f i l e  INPUT m ust be DELETED b e fo re  XFERing th e  n e x t  d a t a  f i l e .
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IMPEDANCE FROM ONE PRESSURE AMD OME FLOW
REAL AC 1 2 0 3 ) . ,  3 ( 5 1 2 ) ,  EMOSCC 1 6 ) ,  EMOC 1 6 ) ,
1 EXPT, MDL, MDL 2 ,  MDLP, MXH2 
IMTEGER R IT E , PROCEED, HALF, IMP, SGMNT, DWLT 
DOUBLE PRECISION SUM 
COMMON M,3FREQ, ALPHAC 3 2 )  ,  3ETAC 3 2 )
CALL FOP BN ( 1 3 ,  ’’IN PU T")
DO 101 1 11 = 1  ^ 1230
101 AC 1 1 I ) = 9 9 9 9 9 . 9
FIRST QUESTION AND ANSWER ROUTINE
102 WRITEC 10 , 1 )
READC1 1 , 2 1 )  NFIRST 
I F  ( N F I R S T .G T .1 2 0 0 )  GO TO 98 
WRITEC 1 0 , 2 )
READC 1 1 , 2 1 )  NLAST 
WRITEC 1 0 , 4 )
READC1 1 , 2 3 )  EXPT 
WRITEC10, 5)
READC11, 2 4 )  RITE 
WRITE C 10, 6)
READ C1 1 , 2 4 )  DWLT
VERIFY
WRITEC 1 0 , 7 )  EXPT, N FIR S T , NLAST, R IT E , DWLT 
WRITEC1 0 , 8 )
READC11, 2 4 )  PROCEED
I F  ( PROCEED.EQ.3) GO TO 102
CONTINUE
WRITEC 1 2 , 7 )  EXPT, NFI RST, NLAST, R IT E , DWLT
READ IN DATA 
DO 104 1 = 1 , 1 5 0 .
K l = I * 3 - 7  
K2=K1+7
READC13, 2 5 )  CACJ1 0 0 ) , J 100= K 1, K2)
I F  C R ITE .EQ . 1 ) WRITEC 1 2 , 9 )  C AC J  1 0 0 )  ,  J  1 03=X 1, K2) 
I F  CACK1) . G T . 9 0 0 0 . ) GO TO 150 
104 CONTINUE
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SECOND QUESTION AND ANSWER ROUTINE
150 WRITEC1 0 , 1 )
READ Cl 1 , 2 1 )  NFIRST 
I F  C N F IR S T .G T .1 2 0 0 )  GO TO 98 
WRITEC 1 0 ,  2 ) .
READ C1 1 , 2 1 )  NLAST 
WRITE- C 1 0 ,  3)
READ Cl 1 , 2 3 )  EXPT 
WRITE C 10 , 10)
READ Cl 1 , 2 4 )  HALF 
WRITE C 10 , 1 1 )
READ Cl 1 , 2 6 )  CALI 3
VERIFY
WRITE Cl 0 , 1 2 )  EXPT, HALF, CALI 3 , NFIRST,NLAST 
‘WRITE Cl 3 ,  3 )
READ C1 1 , 2 4 )  PROCEED 
I F CPROCEED* EQ. 0) GO TO 150
WRITE C12, 12) EXPT,HALF, CALI 3 , N FIRST,NLAST
START OF ANALYSIS
SGMNT=HALF-1 
N=NL AS T - M FIR ST 
N 1= N f 1
BFREQ=250* 3 / CN1*DWLT)
SUM=0• 0  
. DO 105 I= 1 ,N 1  
N 3 = N F IR S T -1+1 
SUM=SUM+ACN3)
105 3C I)=A C N 3)
SUM=2*SUM/N1
DCL=CALI3 * SUM/2* 00
SL= C ACNFIRST)-ACM LAST)) *C A L I3 /N
WRITE Cl 2 ,  13) SUM,DCL,SL
ANALYSIS TO 10H2 OR 15 HARMONICS
M= 1
107 MXH2=M*3FREQ
IF C M X H 2.G T .10) GO TO 109 
IFCM .GT. 14) GO TO . 109 
M=M+ 1 
GO TO 107 
109 M1=M+1
CONTINUE
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CALCULATE FOURIER COEFFIClENTS
GALL CALIF ( 3 , N, M,ALPHA,3ETA,SGMNT)
WRI TEC 12, 1 A)
MULTIPLY COEFF. BY CALIBRATION FACTOR 
QTOT=0• 0  
DO 136 I = LM1 
1 1 = 1 -1
I 2=1 + ( SGMNT*16)
Q7=ALPHA(1 2 ) * CALIB 
Q8 = BET A C I 2 ) * C ALI 3 
ALPHAC1 2 ) =Q7 
BETACI 2 ) = 0 8  
MDL2=Q7*Q7+Q8*Q8 
MDL=SQRT CMDL2)
MDLP=MDL*I 1
PHSE=ATAN( 0 8 / Q7)*  1 8 0 / 3 • 1  A 159 3 
FREQ = 3 F R E Q * I1
WRITEC 12 , 15) I I ,  FREQ, Q7, Q8, MDL, PHSE 
I F  C I . N E . 1) QT0T=QT0T+MDL2 
106 CONTINUE
CALCULATE FLOW P IE S  
IF C H A L F .E Q .1) GO TO 150
ORIGINAL PI 
QMESN2=CALPHAC1+SGMNT*16 > / 2 . 0 ) * * 2  
PI ORI G = QT0T/ QMEEN2
SIMPLE PI 
QMAX=ACNFIRST)
QMIN=QMAX
DO 103 IMXN=NFIRST,NLAST 
IFC QMAX. L T . ACIMXN) )  QMAX=ACIMXN)
IFCQM IN.GT.ACIM XN)) QMIN =ACIMXN)
103 CONTINUE
PKPX= C QMAX-QMIN)*  CALIB 
PI SIMP=PKPK/DCL 
WRITEC10 , 17) P IO R IG , P I  SIMP 
WRITEC12, 17) P IO R IG , P I SIMP
I F  DATA COMPLETE OFFER IMPEDANCE PROGRAM
I F  CH ALF.EQ .2) GO TO 108 
GO TO 150 
108 WRITE C 13 , 16)
READ C1 1 , 2 4 )  IMP 
I F  C IM P .N E .1) GO TO 98
I F  C IM P .E Q .l )  CALL 2ED CM,3FRSQ,ALPHA, BETA) 
GO TO 98
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FORMAT STATEMENTS 
OUTPUT
1 FORMAT C IX ^ ' GIVE NO OF FIR ST DATA POINT ' )
2 FORMAT ( I X , *  GIVE NO OF LAST DATA POINT *)
3 FORMAT ( I X , '  GIVE MEASUREMENT CODE TWO CHARACTERS ' )
4 FORMAT C I X , * GIVE PATIENT CODE TWO CHARACTERS ' )
- 5 FORMAT O X , ’ TO PRINT OUT DATA TYPE 1 ' )
6 FORMAT ( I X ,*  GIVE DUELL TIME IN M ILLISEC ' )
7 FORMAT C 2 X , ' PATIENT ' , A 5 / /
1 '  DATA ' 1 4 , '  TO ' I 4 /  ' COPY s M 3 / '  DWLT ' j IB ^ 'M S
8 FORMAT C1X, * IS  THAT CORRECT ' , /
1 '  YES TYPE 1 ' >/ '  NO TYPE 0 ' )
9 FORMAT ( '  DATA * 8 F 8 . 0 )
10 FORMAT ( I X , *  GIVE MEMORY SEGMENT I I  *')
11 FORMAT ( I X , ’ GIVE CALIBRATION CONSTANT F 6 . 4 ' )
12 FORMAT C / / 2 X , * MEASUREMENT ' , A 5 /
1 '  MEMORY HALF = * ^ I  1 ^ ;
2* CALIBRATION CONSTANT = ' , F 6 . 4 . , /
3* ANALYSIS POINTS ’ , 1 5 , '  TO ’ , 1 5 / )
13 FORMAT (5 X , ' SUM = * F 1 1 . 4 , 5X, • DC LEVEL = '
1F1 1 . 4 ,  5X, ' SLOPE = *^ F I  1 . 4 / )
14 FORMAT ( I X , T 2 , ' I P ' , T 1 0 ^ ' F R E Q ',T 2 0 , ,
1*ALPHA P ' T3 6.> ' BETA P ' ,
2 T 5 1.» * M O D U L U S T 67.» ' P H S E ' j / )
1 5 FORMAT ( 1 Kj I 2 ,  F 1 0 .  3 ,  4 E 1 6 .  7 )
16 FORMAT C1X, * TO CALCULATE IMPEDANCE TYPE 1 ' )
17 FORMAT ( 1 X , / / , 5 X , ’ ORIGINAL PI = » . ,F 1 0 .5 *
1 ’ SIMPLE P I = FI 0 . 5 )
21
23
24
25
26 
98
INPUT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
( 1 4 )
CA2)
( I I )
( F 7 . 0 , 7 F 8 . 0 )  
( F 6 . 4 )
CALL
STOP
END
FCLOS ( 1 3 )
,/n
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FOURIER ANALYSIS ROUTINE
SUBROUTINE CALIF ( Fj N , I  PMAX,A P , BP,ISGMNT) 
DIMENSION F C 5 1 2 ) ,A P C 3 2 ) ,3 P C 3 2 )
DOUBLE PRECISION U 0 ,U 1 ,U 2  
NN=N+1 
FN=N
WRITE Cl 0j 15) '
WRITE C 12, 15)
15 FORMAT C1X, ' FOURIER ANALYSIS ' )
ANALYSIS 
NL=N
C 1 = C 0 S ( 6 .2 8 3 1 8 5 /N N )
S 1 = S IN (6 .2 8 3 1 8 5 /M M )
C =1. 0 
S = 0 .  0 
IP = 0  
20 U 2 = 0 . 0
U l= 0 .-0  
N=NN 
CC=C+C 
30 U0 = FCN) + CC*U1-U 2 
U2=U 1 
U1=U0 
N=N- 1
I F  C N .N E .1) GO TO 30 
IPP-IP+l+CISGM NT*16)
A P C IP P )=2* 0 * ( F ( 1 )+ C * U l-U 2 ) /N M  
B P C IP P )=2* 0 * S * U 1/NN 
I F  ( IP .E Q .IP M A X ) GO, TO 25 
Q =C 1*C -S1*S 
S=C1*S+S1*C 
. C=Q 
IP = IP + 1  
GO TO 20 
C RESTORE N
25 N=NL
RETURN
END
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IMPEDANCE SUBROUTINE 
SUBROUTINE ZED ( M,3FREQ,ALPHA*BETA)
DIMENSION FREQC16 ) ,Z M 0 D C 16 ) ,Z P H S E C 1 6 ) , ALPHAC3 2 ) ,  BETAC3 2 )  
WRITE ( 1 2 ,  23 )
M1= M + 1 .
DO 30 I = h M l  ■
I 1 = 1 — 1
FREQ( I ) = 3 F R E Q * I1 
A1=ALPHAC I )
A2=BETACI)
B1=ALPHAC16+1)
B2=3ETAC16+ 1)
CALCULATE I.NPUT IMPEDANCE 
PI = 3 . 1 4 1 5 9 2 6 5
ZMODCI) = SQRTCCA1* * 2 + A 2 * * 2 ) / ( 3 1 * * 2 + 3 2 * * 2 ) )
. PHI = ATANCA2/A1)
CALL SSI GNCA2,A1, P H I ,  PHASED 
PH2 = ATANC3 2 / 3 1 )
CALL SSIGN C 3 2 , 3 1 , PH2 , PHASE2)
PHASE = P H A S E l . -  PHASE2 
ZPHSECI) = PHASE*180* 0 / P I
WRITE Cl 2 , 2 1 )  I 1 ,F R E Q C I ) , ZMODCI) , ZPH SEC I)
20 FORMAT C 2 X , / / , 20X, ’ H FREQ MOD Z PHASE Z ' / / )
21 FORMAT C2X, 20X, 1 2 ,  2X, F 6 . 3 ,  F 9 . 4 , F 9 . 2 / )
30 CONTINUE
RETURN
END
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'SUBROUTINE SSI GN ( RED, BLUE, PINK,  GREEN) . 
REAL 3LU£,  RED, PI >JKj GREEN^ PI 
PI = 3 . 1 4 1 5 9  265
I-F ( RED. GE. 0 .  0 • AM D * BLUE.GE. 0 . 0 ) GREEN ■ = PINK
IF (RED.GE.  0 .  0 . AND. 3LUE.LT.  0 . 0 ) G REEM = PIUK+PI •
IF ( R E D . L T . 0 . 0 . AND. BLUE.GT. 0 .  0) GREEN = PIMK+2. 0*PI
IF CRED.LT. 0 .  0 .AND. 3LUE.LT.  0 .  0) GREEN = PINK+PI
IF ( RED. NE* 0 • 0 . AND. 3LUE. EQ. 0 . 0 ) GREEN = ■P I / 2 . 0
RETURN
END
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n .  program c a x x : r pjlus swap to  r u
c o n s i s t s  o f  program s MAIN
s u b ro u t in e  CALIF
swap program  'MAIN
s u b ro u t in e  SSIGN
I n p u t : As f o r  A
O p era t in g  g u id e :
1) To s t a r t  type  FCALLZED
S tep s  2 to  7 a r e  a s  f o r  A
8) C onso le : GIVE MEMORY QUARTER 11
Upstream p r e s s u r e  i s  i n  1 s t  q u a r t e r
Downstream 11 " ” 2nd ”
Upstream f lo w  11 ” '3rd ”
Downstream f lo w  11 11 4 th  11
9) C onsole : GIVE CALIBRATION CONSTANT F 6 .4
For a n u l l  measurement g iv e  a  f i g u r e  l e s s  th an  0 .0 0 1 .
S tep s  1 0 - 1 2  a r e  a s  f o r  A.
FOURIER ANALYSIS
13) S im i la r  to  A b u t  p u l s a t i l i t i e s  a r e  c a l c u l a t e d  f o r  3 rd  and 4‘th
q u a r t e r s .  I f  a c a l i b r a t i o n  c o n s ta n t  o f  l e s s  th an  0.001 h a s  been
v e r i f i e d  (12) a n a l y s i s  i s  n o t  p e rfo rm ed .
14) I f  l a s t  q u a r te r  was 4, program c o n t in u e s  a s  A.
IMPEDANCE CALCULATION
15) Owing to  th e  s i z e  o f  th e  program , a program swap i s  r e q u i r e d  to  
c a l c u l a t e  im pedance. The swapped program i s  FCZED which i s  
c a l l e d  from w i th in  th e  program .
16) To avo id  m is le a d in g  o u tp u t  th e  impedance program checks f o r  n u l l  
m easurements ( q u a r t e r s )  w ith  q u e s t i o n s .
WAS P2 MEASURED YES TYPE 1 -  NO TYPE 0
WAS Q2 MEASURED YES TYPE 1 -  NO TYPE 0
Reply a s  a p p r o p r i a t e
X X  «L Cm w a o  U W  W '—Vi y •
R un -o ff  im pedance,
L o n g i tu d in a l  impedance,
P re s s u re  d r o p ,
P re s su re  am p li tu d e  r a t i o  
a r e  s e t  to  z e ro .
I f  Q2- was n o t  m easured ,
Rum-off impedance,
L o n g i tu d in a l  impedance,
Flow am p li tu d e  r a t i o  
a r e  s e t  to  z e ro .
17) R e s u l t s  a r e  o u tp u t  to  th e  l i n e  p r i n t e r  and th e  program  s t o p s .
18) F i l e  INPUT shou ld  be DELETED a s  b e f o r e ,  (a ) .
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: FOURIER’ ANALYSIS v/ITH CALI 3RATED IMPEDANCE OPTIO
REAL A(1 2 3 0 ) ,3 C 5 1  2 ) ,  ENOS'CC 16) ,  ENOC 1 6 ) ,
1EXPT, MDL , MDL2, MDLP, MXH2 
INTEGER R IT S ,  PROCEED,QUATR,IMP,SGMMT, DWLT 
DOUBLE PRECISION SUM 
COMMON M,3FREQ, ALPHA( 6 4 ) , BETAC64)
CALL’ FOPEN C 1 3 ,  " IN P U T ")
DO 101 1 1 1 = 1 , 1 2 0 0
101 AC 111 ) = 9 9 9 9 9  .9
FIRST QUESTION AND ANSWER ROUTINE
102 URI TEC 13 , 1)
READC1 1 , 2 1 )  NFIRST 
I F  C M F IR S T .G T .1 2 0 0 )  GO TO 98 
URITEC 1 0 ,  2)
•READC1 1 , 2 1 )  MLAST 
URITEC 10 , 3)
READC1 1 , 2 3 )  EXPT 
. URITEC10 , 4)
READC11, 2 4 )  RITE 
WRITE Cl 0 , 5 )
READ C1 1 , 2 4 )  DULT
VERIFY
WRITEC1 0 , 6) EXPT, UFI RST,MLAST, R IT E , DULT 
URI TEC 1 0 , 7 )
READC11, 2 4 )  PROCEED
IF  CPROCEED.EQ.0) GO TO 102 ‘
CONTINUE
URITEC1 2 , 6 )  EX PT,M FIRST,M LA ST,RITE,D U LT
READ IN DATA 
DO 104 1 = 1 , 1 5 0  
K1 = 1 * 8 - 7  
K2=X1+7
READC13, 25 )  CACJ1 0 0 ) , J 13 0 = X 1 , X2)
IF  C R I T E .E Q . l )  U RITEC12, 3 )  CACJ1 0 3 ) , J 10 3 = K 1 , K2)
I F  CAC'Xl ) . G T .9 0 0 0 .  ) GO TO 1 50 
104 CONTINUE
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SECOND QUESTION AND ANSWER ROUTINE
150 W R IT E C 1 3 ,1)
READ ( 1 1 , 2 1 )  NFIRST 
I F  C N F IR S T .3 T .1 2 0 0 )  GO TO 98 
WRI TEC 1 0 , 2 )
READ ( 1 1 , 2 1 )  MLAST 
WRITE ( 1 0 , 9 )
READ ( 1 1 , 2 3 )  EXPT
WRITE ( 1 0 , 1 0 )  '
READ ( 1 1 , 2 4 )  QUATR 
WRITE ( 1 0 , 1 1 )
READ ( 1 1 „ 2 6 )  CALIQ
VERIFY
WRITE ( 1 0 , 1 2 )  EXPT,QUATR,CALI 3 , MFIRST,NLAST 
WRITE ( 1 0 ,  7 )
READ ( 1 1 , 2 4 )  PROCEED 
I F  (PR O C E E D .E Q .0) 30  TO 150
START OF ANALYSIS
WRITE ( 1 2 ,  12) EXPT, QUATR, CALI 3 ,  N FIR ST ,N L AST
DONT CALCULATE MISSING SEGMENTS 
I F  ( C A L I 3 .L E .0 . 3 0 1 )  GO TO 110 
SGMMT=QUATR-1
N =ML AS T -  U FI RS T .
N 1 = N + 1
B F R E Q = 250 .3 / ( N 1*DWLT)
SUM=3•0  
DO 105 1 = 1 , Ml 
M 3=N F IR ST -1+I 
SUM=SUM+A(M 3)
105 B ( I ) =A(N3)
SUM=2*SUM/M1 
' D C L=C A LI3*SU M /2.00 
S L = (A (N F IR S T )-A (N L A S T )) *CALI3/M  
WRITE ( 1 2 , 1 3 )  SUM,DCL,SL
ANALYSIS TO 10H2 OR 15 HARMONICS
M • = 1 
107 MXH2 = M*3FREQ
IF C M X H 4 .3 T .10) GO TO 109 
IF C M .G T .1 4 )  GO TO 109 
M=M+ 1 
GO TO 107 
109 Ml=M+1
CONTINUE
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CALCULATE FOURIER COEFFICIENTS
CALL ‘CALI F ' (B,Nj M/ALPHA/ BETA/ SGMNT) 
W R IT E C 12 /14 )
MULTIPLY COEFF. BY CALIBRATION FACTOR 
QTOT=0• 3  
DO 106 1 = 1 , Ml 
1 1 = 1 -1
I 2=1 + C SGMNT*16)
Q7=ALPHAC1 2 ) *C A L I3 
Q 8=3ST A C I2)*C A L IB  
ALPHACI 2 ) =Q7 
3ETAC1 2 ) = Q8 
MDL2=Q7*Q7+Q8*Q3 
M DL = S Q RT C M DL 2)
MDLP=MDL*I1
. P H S S = A T A N C Q 8 /Q 7 )* 1 8 0 /3 .1 4 1 5 9 3  
FREQ = 3 F R E Q * I1
WRI TEC 12/ 15) I L F R E Q /  Q7/ Q3/ MDL/ PHSE 
I F  ( I . N E . l )  QT0T=QT0T+MDL2 
136 CONTINUE
CALCULATE FLOW P IE S  
IF C Q U A T R .L T .3) GO TO 150
ORIGINAL PI 
QMEEM 2= C ALP4A C1 + SGMNT*1 6 ) / 2 . 3 ) * * 2  
PIORIG=QT0T/QMEEN2 .
SIMPLE PI 
■QM AX=A ( M FI RS T )
QMIN=QMAX
DO 133 IMXN=MFIRST/MLAST 
I F  C QMAX. L T . ACIMXN) )  QMAX=ACIMXN)
I F C QMIM• GT. A CIMXN) )  QM IN =A CIMXN)
103 CONTINUE „
PKPX=CQMAX-QMIM)*CALI3
PISIM P=PKPK/DCL
WRITEC 10/ 17) P IO R IG /P IS IM P
WRITEC 1 2 / 1 7 )  P IO R IG /P IS IM P
I F  DATA COMPLETE OFFER IMPEDANCE PROGRA
113 I F  C QUATR.EQ.4 )  GO TO 138 
30 TO 153 
108 WRITE C 1 3 / 1 6) .
READ Cl 1 / 2 4 )  IMP
I F  C IM P .M E .1) GO TO 98
I F  C I M P .E Q . l )  CALL FSWAP C’’FC£ED")
GO TO 98
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FORMAT STATEi
OUTPUT
1 FORMAT ( I X , '  i
2 f'ORMAT ( I X , *  i
3 FORMAT ( I X , *  ■
4 FORMAT ( I X , '  ‘
5 FORMAT ( I X , * 1
6 FORMAT ( 2X, ' '!
1 ' COPY ' , 1 3 /
7 FORMAT ( i x , • :
GIVE NO OF FIRST DATA POINT ' )
GIVE NO OF LAST DATA POINT ' )
GIVE PATIENT CODE TWO CHARACTERS *)
TO PRINT OUT DATA TYPE 1 *)
GIVE DWELL TINE IN M ILLISEC ' )
PATI ENT ' ,  A 5 / /  ' DATA ' 1 4 , '  TO . M ' 4 /
DWLT ' ,  1 3 ,  ' M S ' , / / )
I S  THAT CORRECT ' , / ’ YES TYPE 1 ' , /
1 ' NO TYPE 0 ' )
( ’ DATA * , 8 F 8 • 0 )
( I X , '  GIVE MEASUREMENT CODE TWO 
( I X , *  G IV E ’ MEMORY QUARTER I I  r )
( IX, * GIVE CALIBRATION CONSTANT 
( / / 2 X , ' MEASUREMENT • , A 5 /
1* MEMORY QUARTER = ' , 1 1 * /
2 '  CALIBRATION CONSTANT = ' , F 6 . * 4 , /
3* ANALYSIS POINTS M 5 .  ' TO * , 1 5 / )
13 FORMAT ( 5X, * SUM = ' ,  F 1 1 • 4 ,  5X, * DC LEVEL 
1 ' SLOPE = L F 1  1 . 4 / 0
14 FORMAT ( IX, T 2 ,  ' I P  * ,  T 1 0 ,  * FREQ' , T 2 0 ,  ' ALPHA P * ,  T3 6 , * BETA P 
1 T 5 1 , '  MODULUS', T 6 7 , • P H S E ' , / )
15 FORMAT ( IX, I 2 ,  F 1 0 . 3 , 4 E 1 6 . 7 )
16 FORMAT ( I X , *  TO CALCULATE IMPEDANCE TYPE 1 *)
17 FORMAT ( 1 X , / / , 5X, ' ORIGINAL PI = ' , F I  0 . 5 ,
1 * SIMPLE P I = ' , F I  0 . 5 )
8
9
10
11
12
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
CHARACTERS ' )
F 6 .  4 ' )
= * ,  FI 1. 4 ,  5X,
INPUT
21
23
24
25
26 
98
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
C 1 4 )
( A2)
( I I )
( F 7 • 0 , 7 F 8 • 0 )  
C F 6 .4)
CALL
STOP
END
FCLOS ( 1 3 )
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SWAP PROGRAM TO CALCULATE THE VARIOUS'IMPEDANCES/INDICES
DIMENSION FREQ( 1 6 ) * Z I N C 16 )* Z 0 U T C 1 6 ) * DELTAPC1 6 )* Z L 0 N G (16)*  
1PHIINC 1 6 )  ^PHI OUTC1 6 ) > P H I D P ( 16)*  P H IL C 16)*
2PARC16)*  PHI PARC 16)*  QARC16) * P H IQ A R (16)
COMMON M* 3FREQ* ALPHAC 64 )  * 3ETAC 6 4 )
INTEGER P2*Q 2 -
WRITE Cl 2* 7 0 )
WRITE C 10* 7 2 )
READ C 1 .L 7 3 ) -  P2 
WRITE ( 1 0 , 7 4 )
READ ( 1 1 * 7 3 )  Q2 
M1 =M+1
DO 9 0 1 = 1 * Ml 
1 1 = 1 -1
FREQCI) = B F R E Q *I1 
A1=ALPHACI)
A 2 = B E T A (I)
3 1 =ALPHA(16+1)
B2=BETAC16+ 1)
C1=ALPHAC32+I)
C 2=3ETA (3 2 + 1 )
D 1=ALPHAC 4 8 + 1 )
D 2= 3E T A C 48+ I)
CALCULATE INPUT IMPEDANCE 
PI = 3 . 1 4 1 5 9 2 6 5
ZINC I ) = SORT C ( A 1 * * 2 + A 2 * * 2 ) / ( C l * * 2 + C2 * * 2 ) )
PHI = ATAN C A 2/A 1)
CALL SSIGNCA2*A1* PH 1 * PHASE1)
PH2 = ATANCC2/C1)
CALL SSIGNC C2* Cl* PH2*PHASE2)
PHASE = PHASE1 -  PHASE2 
P H IIN  C l ) = PHASE*1 8 0 . 0 / P I
CALCULATE RUN OFF IMPEDANCE 
I F C Q 2 .N E .0 )  GO TO 10 
ZOUT( I )= 0  
PHI OUT C l)  =0 
GO TO 20
10 ZOUTC I ) ' =SQRTC CB1 * * 2 + 3 2 * * 2 ) / CD1* * 2 + D 2 * * 2 )  )
PHI =ATANC3 2 / 3 1 )
CALL SSIGN C 32* 31 * PH 1 * PHAS El )
PH2 =ATANCD2/D1)
CALL SSIGNCD2*D1* PH2*PHASE2)
PHASE = PHxASEl -  PHASE2 
PHI OUT C l)  = PHASE*1 8 0 . 0 / P I
3 7 8
/
-20 I F  C P 2 .N E . 3 ) GO TO 21 
DELTAPCI) =0 
PHIDPCI ) =3 
GO TO 30
21 DU1 = ( A 2 - 3 2 )  • .
DU2 = C A1- 3 1 )
DELTAPCI) = SORT C D U 2**2+D U 1**2)
PH =ATANCDU1/DU2)
CALL SSIGNCDU1 * DU2*PH*PHASE)
P H ID P C l) = PHASE*1 3 0 . 3 / P I
C
C CALCULATE LONGITUDINAL IMPEDANCE USING Q2
3 0  I F  CP2.M S. 0) GO TO 31 
P H IL C I)  =0
31 I F  C 0 2 . ME. 0 )  GO TO 32  
ZL0NGC1) =0
P H IL C I )  =0  
.GO TO 40
3 2  ZL O N G CI)=D ELTA PC1)/SQ RTCD 1**2+D 2**2)
P H I L C I ) = P H ID P C I) —PHA SE2*13 0* 0 / P I
C
C CALCULATE AMPLITUDE RATIOS
4 0  I F C P 2 . N E . 3) GO TO 41 
PARC I )  =0
PHI PARC I .) =0 
GO TO 50
41 PARC I ) =SQRT C C 31 **  2 + 3 2 * *  2 ) / ( A1* * 2 + A2** 2 ) )
P H 1=ATAN( A 2 /  A1)
CALL SSIGNCA2* A1* PHI* PHASED 
PH 2=AT AN C 3 2 /  31)
CALL SSIGN C 32* 31 * PH2* PHASE2)
PHASE=PHASE1-PHASE2
PHIPARC I ) = PHASE*1 3 0 . 0 / P I  .
5 0  I F  C Q 2 .N E .0 )  GO TO 51 
QARCI) =0 
PHIQARCI) =0
GO TO 60
51 Q A R C I )= S Q R T ((D 1 * * 2 + D 2 * * 2 ) / (C 1 * * 2 + C 2 * * 2 ) )
PH1=ATANCC2/C1)
CALL SSI GNCC2* Cl* PHI* PHASED 
PH 2=AT AN ( D 2/ D1)
CALL SSIGN C D2* D1 * PH2* PHASE2)
PHASE=PHASE1-PHASE2 
PH IQ A R C I)=PH A SE*18 0 .  0 / P I
60 WRI TEC 1 2 * 7 1 )  I 1 * FREQC I ) * Z I N ( I ) *  PHI IN C I ) * ZOUT C D *  PHI OUT C l)*  
1 DELTAPC I ) * PHI DPC I )* ZLONG( I )* PHI L C l)*  PARC I ) * PHI PARC I ) * 
2Q ARCI)*PH IQA RCI)
7 0  FORMAT C 2X* * H FREQ . ZIN PHI IN ZOUT PHI OUT
1 DELTA P PHI DP ZLONG PHILONG PAR
2 PHI PAR QAR PHI QAR * / / )
71 FORMAT C2X*I 2 * 2 X * F 6 . 3 * 6 C F 9 .4 * F 9 . 2 ) / / )
7 2  FORMAT C 2X* * WAS P2 MEASURED YES TYPE 1-NO TYPE 0 ’ / )
7 3 FORMAT CI 1)
74  FORMAT C2X*T WAS Q2 MEASURED YES TYPE 1-NO TYPE 3 ’ / )
9 0 CONTINUE 
CALL F3ACK 
END
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APPENDIX (10)
The Assumptions o f  th e  F ree  V ib r a t io n  Technique f o r  Dynamic C a l i b r a t i o n  
o f  C a th e te r /k a n o m e te r  Systems and Methods o f  C o r r e c t io n
The assum ptions  in v o lv e d  in  th e  a p p l i c a t i o n  o f  th e  f r e e  v i b r a t i o n  
te c h n iq u e  can be d iv id e d  i n t o  th o se  im p lie d  in  th e  s i n g l e  d e g re e  o f  
freedom r e p r e s e n t a t i o n  and th o s e  r e g a rd in g  th e  l i n e a r i t y  o f  th e  sy stem ,
i )  S in g le  d eg ree  o f  freedom r e p r e s e n t a t i o n
The s i n g l e  d eg ree  o f  freedom r e p r e s e n t a t i o n ,  o r  second o r d e r  model, 
i s  based  on th e  model o f  th e  c a t h e t e r  and t r a n s d u c e r  system  as  a  f l u i d  
mass coup led  to  an e l a s t i c  diaphragm  in  th e  p re s e n c e  o f  v i s c o u s  damping 
f o r c e s .  Assumptions have been made ab o u t  each o f  th e  t h r e e  e lem en ts  
in v o lv e d .
I n e r t a n c e  o f  the  f l u i d  
The im p o r ta n t  p r o p e r ty  o f  th e  f l u i d  i s  n o t  i t s  mass b u t  what i s  
v a r i o u s l y  te rm ed , " e f f e c t i v e  m ass" ,  " in e r t a n c e "  o r  by a n a lo g y  to  
e l e c t r i c a l  c i r c u i t s  " in d u c t a n c e " • The d i f f e r i n g  te rm in o lo g y  i s  c o n fu s in g  
s in c e  in e r t a n c e /u n i t?  le n g th  i s  d e f in e d  a s  m a s s /u n i t  l e n g th  d iv id e d  by 
th e  sq u a re  o f  th e  c r o s s  s e c t i o n a l  a r e a .  Thus i f  th e  c r o s s  s e c t i o n a l  
a r e a  o f  a tube  i s  in c re a s e d  th e  m a s s /u n i t  le n g th  . i n c r e a s e s  b u t  i t s  
i n e r t a n c e  o r  " e f f e c t i v e  mass" d e c r e a s e s .  The te rm s "mass" and " e f f e c t i v e  
mass" shou ld  be avo ided  in  t h i s  c o n te x t  (L a t im er  and L a t im e r ,  1969)
E xp er im en ta l  s t u d i e s  in c lu d e  th o se  o f  T ay lo r  (1959) who found t h a t  
i n  h ig h ly  e l a s t i c  tu b e s  th e  " in d u c ta n c e  in c re a s e d  w ith  i n c r e a s i n g  
f requency"  and t h a t  th e  e f f e c t  was c l o s e l y  r e l a t e d  to  th e  f l u i d  d e n s i t y .  
I t  h a s  been shown t h a t ,  i n  r i g i d  tu b e s ,  the  i n e r t a n c e  term  was n o t  
c o n s ta n t  a t  a l l  f r e q u e n c i e s  b u t  t h a t  v a r i a t i o n s  cou ld  be n e g le c te d  
a t  low f r e q u e n c ie s  (R a n d a l l ,  1963). P ro p a g a t io n  e f f e c t s  w i th in  th e  
c a t h e t e r  r e s u l t  i n  an a p p a re n t  r e d u c t io n  in  in e r t a n c e  a t  h ig h e r  
f r e q u e n c ie s  (L a t im e r ,  1968, L atim er and Latim er,- 1969).  T h is  was 
a t t r i b u t e d  to  " s k i n  e f f e c t "  which n e c e s s i t a t e s  th e  a p p l i c a t i o n  o f  a 
f a c t o r  o f  4 /3  to  be a p p l ie d  to  th e  i n e r t a n c e  o f  a l l  sm a l l  c i r c u l a r  tu b e s
3 8 0
a t  low f r e q u e n c i e s .  In  th e  l a t e r  work i t  was shown t h a t  Womersley1 s 
t h e o r e t i c a l  fo rm u la  f o r  f l u i d  i n e r t a n c e  was v a l i d  f o r  n o n - r i g i d  tu b e s  
(Womersley, 1957a).
Hydrodynamic a n a l y s i s  o f  th e  in e r t a n c e  p r o p e r ty  was c a r r i e d  o u t  by 
W itz ig  (1 9 1 4 ) ,  Lambossy (1952) and Womersley ( 1957a) and th e s e  a r e  
n e c e s s a r i l y  complex r e p o r t s .  A s im p le ,e x p la n a t io n  i s  p ro v id e d  by Gabe 
(1972)« The b a s i s  o f  th e  a p p a re n t  v a r i a t i o n  and th e  c o r r e c t i o n  f a c t o r  
i s  th e  v a r i a t i o n  o f  v e l o c i t y  p r o f i l e  o f  th e  f l u i d  moving in  th e  c a t h e t e r  
due to  th e  v i s c o s i t y  o f  th e  f l u i d .  I f  th e  f l u i d  were r i g i d ,  a s  th e  
s im p le  th e o ry  assum es, i t  would c l e a r l y  have a f l a t  v e l o c i t y  p r o f i l e .
Under s te a d y  f lo w  c o n d i t io n s  th e  p r o f i l e  would be p a r a b o l i c  and th e  
i n e r t a n c e  i s  h ig h e r  than  th e  s im ple  th e o ry  p r e d i c t s .  However th e  f lo w  
i s  n o t  s te a d y  b u t  o s c i l l a t o r y  and a s  th e  f re q u e n c y  o f  o s c i l l a t i o n  
in c r e a s e s  th e  p r o f i l e  te n d s  from p a r a b o l i c  tow ards p lu g ,  th e  same a s  i f  
i t  were r i g i d .  The f l u i d  in e r t a n c e  i s  t h e r e f o r e  h ig h e r  th an  would be 
expec ted  from th e  s im ple  th e o ry  b u t  f a l l s  a s y m p to t i c a l ly  a s  f re q u e n c y  
r i s e s .  S ince  th e  in e r t a n c e  depends on th e  c ro s s  s e c t i o n a l  a r e a  squa red  
i t  i s  worth n o t i n g  t h a t  i t  i s  dom inated  by th e  d im ens ions  o f  th e  n a r ro w e s t  
channe l (McDonald, 1974, append ix  1 ) .  In  o u r  system s i n e r t a n c e / u n i t  
l e n g th  o f  th e  n e e d le  i s  ap p ro x im a te ly  100 t im es  t h a t  o f  th e  c a t h e t e r .
E l a s t i c i t y  o f  components
The s im ple  th e o ry  assumes t h a t  th e  e l a s t i c  component o f  th e  system  
i s  p ro v id ed  by th e  t r a n s d u c e r  d iaphragm . T h is  ig n o r e s  th e  p o s s i b l e  • 
e l a s t i c  b eh av io u r  o f  th e  c a t h e t e r  and th e  c o m p r e s s i b i l i t y  o f  th e  f l u i d  
in  i t .  P re s e n t  t r a n s d u c e r  te ch n o lo g y  i s  such t h a t  th e  volume 
d is p la c e m e n t ,  e l a s t i c i t y ,  o f  th e  t r a n s d u c e r  may be a b o u t  a  h a l f  t h a t  o f  
w ater  (Yanof e t  a l ,  1963). Under th e s e  c o n d i t io n s  bo th  c a t h e t e r  and f l u i d  
e l a s t i c i t y  w i l l  be s i g n i f i c a n t .  F ry  e t  a l  (1957) showed t h a t  a l th o u g h  
a  c a t h e t e r  m igh t change i t s  p h y s i c a l  c h a r a c t e r i s t i c s  a t  body t e m p e ra tu r e ,  
becoming q u i t e  s o f t  and p l i a b l e ,  th e  re s p o n s e  c h a r a c t e r i s t i c s  were n o t  
s e r i o u s l y  a f f e c t e d .  These s t u d i e s  were upda ted  by Yanof and h i s  c o l l e a g u e s
3 8 1
(Yanof e t  a l ,  1963) who d e r iv e d  v a lu e s  o f  e l a s t i c i t y  f o r  common c a t h e t e r
J
system s from e x p e r im e n ta l  d e te rm in a t io n  o f  t h e i r  f re q u e n c y  c h a r a c t e r i s t i c s .  
They found t h a t  th e  m a t e r i a l  o f  which th e  c a t h e t e r s  were made had a  v e ry  
h ig h  e l a s t a n c e ,  so t h a t  th ey  approx im ated  to  a  r i g i d  tu b e .  They 
a t t r i b u t e d  th e  f a l l  i n  e l a s t a n c e ,  i n c r e a s e  i n  e l a s t i c i t y ,  a s  th e  
c a t h e t e r ' s  d ia m e te r  in c r e a s e d ,  to  a  f a l l  i n  th e  r a t i o  o f  w a ll  t h i c k n e s s  
to  d ia m e te r .  In  p o ly th e n e  tu b in g  however th e y  found t h a t  th e  e l a s t a n c e  
was so low a s  to  co m p le te ly  dom inate  th e  t r a n s d u c e r  c o m b in a tio n .  L atim er 
th o u g h t  t h a t  c a t h e t e r  com pliance cou ld  n o t  be n e g l e c te d  and deve loped  
a te c h n iq u e  f o r  m easu ring  th e  com pliance o f  c a t h e t e r s  (L a t im e r  and 
L a t im er ,  1969) • I t  was r e p o r t e d  t h a t  th e  dynamic com pliance  o f  PTFE 
d i f f e r e d  l i t t l e  from i t s  s t a t i c  v a lu e  and t h a t  i t  d id  n o t  v a ry  a p p r e c ia b ly  
w ith  f r e q u e n c y .  The com pliance o f  n y lo n  tu b in g  was found to  be f re q u e n c y  
d ep en d e n t.
Tem perature  changes o r  c o i l i n g  o f  th e  c a t h e t e r  were found to  have 
no a p p r e c ia b le  e f f e c t  though even f o r  r i g i d  n e e d le s  th e  w a ll  th i c k n e s s  ' 
was found to  be s i g n i f i c a n t  (M elbin and Spohr, 1969, S h ap iro  and K rove tz ,  
1970). Repeated  c a l i b r a t i o n s  and gas s t e r i l i z a t i o n  have been found to  
make o n ly  a  few p e r c e n t  d i f f e r e n c e ,  l e s s  th an  between s i m i l a r  c a t h e t e r s  
( F a l s e t t i  e t  a l ,  1974). I t  was su g g es ted  t h a t  th e  " s p r i n g  c o n s ta n t "  
o f  th e  t r a n s d u c e r  m igh t be r e p la c e d  in  th e  s im ple  th e o ry  by th e  volume 
e l a s t i c i t y  o f  th e  t r a n s d u c e r  p l u s  c a t h e t e r  (McDonald, 1974).  T h is  may be 
in a d e q u a te  s in c e  th e  c a t h e t e r  s p r in g  c o n s ta n t  i s  a l s o  in f lu e n c e d  by th e  
c o m p r e s s ib i l i t y  o f  th e  f l u i d  p a r t i c u l a r l y  f o r  s t i f f  c a t h e t e r  system s 
(Fromm and De L ara ,  1974). The o v e r a l l  s p r in g  c o n s t a n t  was p r e s e n te d  
a s  a complex number b e in g  th e  s e r i e s  com bination  o f  l i q u i d  and c a t h e t e r  
c o n s t a n t s .
I n c lu d in g  th e  com pliance o f  th e  t r a n s d u c e r  and c a t h e t e r  b u t  
ig n o r in g  f l u i d  c o m p r e s s ib i l i t y ,  t y p i c a l  r e s p o n s e s  have  been c a l c u l a t e d  
f o r  a  v a r i e t y  o f  com pliance v a lu e s  and th e  com pliance o f  any system  
p r e s e n te d  a s  a  f i g u r e  o f  m e r i t  (L i  e t  a l ,  1976).
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V iscous K e s is ta n c e  '
The damping e f f e c t  needed to  p r e v e n t  p e r p e t u a l  o s c i l l a t i o n  in  th e  
s i n g l e  d eg ree  o f  freedom  system  i s  p ro v id e d  by the. i n t e r n a l  f r i c t i o n  
‘ i n  th e  f l u i d ,  th e  v i s c o u s  r e s i s t a n c e .  The assum ption  o f  e a r l i e r  w orkers  
( e g ,  Hansen, 1949) was t h a t  th e  v i s c o u s  r e s i s t a n c e  was t h a t  which would 
be found in  P o i s e u i l l e  f lo w . T h is  i s  a  c o n s ta n t  b u t  assumes la m in a r  
f lo w  w ith  a  p a r a b o l i c  p r o f i l e  i n  a  r i g i d  tu b e .  T h is  i s  a  c o n t r a d i c t i o n  
o f  th e  assum ptions  made a b o u t  th e  i n e r t a n c e  where a f l a t  v e l o c i t y  p r o f i l e  
was assumed. The f lo w  i s  i n  f a c t  o s c i l l a t o r y  w ith  a  v a ry in g  v e l o c i t y  
p r o f i l e  and th e  v i s c o u s  r e s i s t a n c e  under th e s e  c o n d i t io n s  h a s  been 
c a l c u l a t e d  by Lambossy (1952) and Womersley ( 1957a) who d e s c r ib e d  th e  
v a r i a t i o n  o f  f l u i d  r e s i s t a n c e  in  term s o f  th e  p a ra m e te r  , d ependen t 
on f re q u e n c y ,  v i s c o s i t y  and r a d i u s .  The v i s c o u s  lo s s e s ,  would th e n  be 
h ig h e r  than  th e  s im ple  model s u g g e s ts  and r i s e  w ith  f r e q u e n c y .
E x p e r im e n ta l ly  Fry e t  a l  (1957) found t h a t  th e  f re q u e n c y  c h a r a c t e r i s t i c s  
o f  a c a th e te r /m a n o m e te r  system  were n o t  a f f e c t e d  by u s in g  b lood  a s  
th e  f l u i d  b u t  t h a t  th e  e f f e c t i v e  f l u i d . r e s i s t a n c e  in c r e a s e d  w ith  
f re q u e n c y ,  T ay lo r  (1959) found th e  r e s i s t a n c e  i n  e l a s t i c  tu b e s  v a r i e d  
in  p r o p o r t i o n  to  th e  v i s c o s i t y  b u t  was r a t h e r  s m a l le r  th a n  e x p e c te d .
The work o f  L atim er and L atim er (1969) im p lie d  t h a t  Womersley1s fo rm u la  f o r  
r e s i s t a n c e  m igh t be a p p l i c a b l e  to  n o n - r i g i d  t u b e s .  S ince  Womersley’ s 
c o r r e c t i o n  i s  complex i t s  a p p l i c a t i o n  to  r e s i s t a n c e  c a l c u l a t i o n s  i s  
unw ieldy  and an approx im ate  method h as  been su g g e s te d  (McDonald, 1974)*
A com parison o f  th e  e f f e c t  o f  th e  r e s i s t a n c e  assum ing P o i s e u i l l e  f lo w  
w ith  t h a t  d e r iv e d  from Womersley’ s c o r r e c t i o n  found t h a t  th e  s te a d y  f lo w  
assum ption  l e d  to  an o ver  e s t im a t io n  o f  th e  re so n a n c e  f re q u e n c y  and r e so n a n c e  
p eak  h e i g h t  (L i  e t  a l ,  1976),
i i )  L i n e a r i t y
The l i n e a r i t y ,  o f  p r e s s u r e  m easu ring  system s i s  f r e q u e n t l y  assumed 
y e t  th e  i n e r t a n c e  and r e s i s t a n c e  p r o p e r t i e s  a r e  now acknowledged to  be 
f req u en cy  dependen t a s  d e s c r ib e d  above,
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t h a t  l i n e a r i t y  i s  n o t  c e r t a i n  (Melbin and Spohr, 1969, F a l s e t t i  e t  a l ,
1974, Brower e t  a l ,  1975)- N o n - l i n e a r i t i e s  a r e  su g g es ted  by th e  
m u l t i p l e  re so n an ce  p eak s  observed  e x p e r im e n ta l ly  s in c e  a  s i n g l e  d eg ree  
o f  freedom system  shou ld  have o n ly  one such p eak  (F ry  e t  a l ,  1957,
K rovetz e t  a l ,  1974)* The p re s e n c e  o f  m u l t i p l e  peaks  and t h e i r  
s i g n i f i c a n c e  h as  been d em o n s tra ted  in  th e  m a th em a tic a l  approach  o f  L i 
e t  a l  (1976)•  Doubts have a l s o  been r a i s e d  by th e  f a i l u r e  o f  l i n e a r  
harm onic  c o r r e c t i o n  to  p roduce  s a t i s f a c t o r y  r e s u l t s  though some o f  th e  
r e s u l t s  su g g e s te d  in a d e q u a te  te c h n iq u e  (K rovetz  e t  a l ,  1974).
The independence  o f  r e s p o n s e  from th e  s t a t i c  p r e s s u r e  h a s  been 
d em o n stra ted  (D am enste in  e t  a l ,  1976). N o n - l i n e a r i t y  o f  th e  e l a s t i c  
p r o p e r t i e s ,  v i s c o e l a s t i c i t y ,  h a s  been su g g es ted  b u t  i t s  e f f e c t  h a s  been 
shown to  be i n s i g n i f i c a n t  (L a t im er  and L a t im er ,  1969, Van Brummelen, 
quoted by Li e t  a l ,  1976).  A s p e c i f i c  s tu d y  o f  n o n - l i n e a r i t y  a s  d e f in e d  
m a th e m a t ic a l ly ,  f a i l e d  to  d e m o n s tra te  any s u d i  e f f e c t  (Fromm and De L a ra ,  
1974).
S ince  th e  e a r l y  work o f  Hansen (1949) i t  h a s  been  r e c o g n i s e d  t h a t  a  
t r a n s m is s io n  l i n e  model m igh t d e s c r ib e  th e  p h y s i c a l  b e h a v io u r  o f  c a t h e t e r  
system s b e t t e r  th an  th e  s i n g l e  d e g re e  o f  freedom  model p a r t i c u l a r l y  i n  
e x p la in in g  m u l t i p l e  re so n a n c e s  o bse rved  (F ry  e t  a l ,  1957).  I t  was p o in t e d  
o u t  by F ry  t h a t  u s in g  t r a n s m is s io n  l i n e  th e o ry ,  p u l s e  waves would be 
d i s t o r t e d  by ( l )  m u l t i p l e  r e f l e c t i o n s  -
(2 )  unequa l a t t e n u a t i o n  o f  d i f f e r e n t  f r e q u e n c i e s
(3 )  d i f f e r e n t  t r a n s m is s io n  t im es  f o r  d i f f e r e n t  f r e q u e n c i e s  
The second p o i n t  r e c o g n iz e s  th e  f re q u e n c y  dependence o f  th e  r e s i s t a n c e  and - 
th e  t h i r d  p o i n t  th e  f re q u e n c y  dependence o f  i n e r t a n c e  a s  d e r iv e d  by 
Womersley. . . ■
The t r a n s m is s io n  l i n e  model d e s c r ib e d  th e  system  by means o f  f o u r  
p a ram ete rs^
R th e  r e s i s t a n c e
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M th e  i n e r t a n c e  
C th e  com pliance
G th e  w a l l  l o s s  conduc tance  (L a t im e r ,  1968)
The f i r s t  two a r e  a f f e c t e d  by f re q u e n c y  due to  th e  " s k i n  e f f e c t "  
d e s c r ib e d  by Womersley# Each cf th e s e  p a ra m e te rs  o c c u rs  ev e n ly  
d i s t r i b u t e d  a long  th e  l e n g th  o f  th e  tube  so t h a t  a s im p l i f i e d  r e p r e s e n t a t i o n  
by s i n g l e  e lem en ts  n eed s  j u s t i f i c a t i o n #
Womersley*s work p ro v id e s  o n ly  a  p a r t i a l  s o l u t i o n  s in c e  i t  assumes 
r i g i d  w a l l s  so e l im i n a t in g  te rm s C and G. A t h e o r e t i c a l  s tu d y  o f  th e s e  
e lem en ts  was made by L atim er (1968) and an e x p e r im e n ta l  i n v e s t i g a t i o n  
d e r iv e d  c a t h e t e r  c h a r a c t e r i s t i c s  i n  term s o f  a t t e n u a t i o n  and p h ase  s h i f t #  
T h is  p ro v id e d  e x p e r im e n ta l  v e r i f i c a t i o n  o f  t r a n s m is s io n  l i n e  th e o ry  
a p p l ie d  to  l i q u i d  f i l l e d  tu b e s  (L a t im er and L a t im er ,  1969)# I t  a l s o  
v e r i f i e d  W om ersley 's  th e o ry  f o r  e l a s t i c  tu b e s .
The r e p r o d u c t io n  o f  the  m u l t i p l e  maxima seen  e x p e r im e n ta l ly  was 
ach iev ed  in  a  m a th em a tic a l  s tu d y  by Li e t  a l  (1976) who d is c o u n te d  th e  
conduc tance  e lem en t a s  n e g l i g i b l e .  The d i f f e r e n c e s .p r o d u c e d  by r e g a r d in g  
th e  l i n e  a s  s i n g l e  e lem en ts  and a s  a  u n ifo rm ly  d i s t r i b u t e d  system , 
was a l s o  d e m o n s t ra te d .
C onc lus ions  ab o u t R e p re s e n ta t io n
The f a i l u r e  o f  the  s i n g l e  d eg ree  o f  freedom  system  to  match 
e x p e r im e n ta l  d a t a  i s  w e ll  documented, (M elbin and Spohr, 1969, F a l s e t t i  
e t  a l ,  1974, K rovetz  e t  a l ,  1974, Brower e t  a l ,  1975) .  The e f f e c t s  o f  
v a r i a t i o n  in  i n e r t a n c e  and r e s i s t a n c e  have been shown to  be i n s i g n i f i c a n t  
i n  c a t h e t e r s  (McDonald, 1974, Li e t  a l ,  1976). I t  i s  c u r r e n t l y  ag ree d  
t h a t  th e  s i g n i f i c a n t  p a ra m e te r  i s  th e  com pliance o f  th e  c a t h e t e r  and t h a t
p ro v id e d  t h i s  i s  sm all  th e  s i n g l e  d e g re e  o f  freedom  i s  a p r a c t i c a l
!
r e p r e s e n t a t i o n  (F ry  e t  a l ,  1957, L a t im er ,  1968, S h a p iro .a n d  K rove tz ,  1970, 
McDonald, 1974, Li e t  a l ,  1976).
Methods o f  P re s su re  Measurement C o r re c t io n
T h e o r e t i c a l l y  th e  s im p le s t  means o f  c o r r e c t i o n  i s  to  in t r o d u c e
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r e s i s t i v e  damping which i s  s e v e re  enough to  s u p p re s s  th e  r e s o n a n t  
p e a k .  The p u rp o se  i s  to  g iv e  u n i f o r m . t r a n s m is s io n  up to  th e  r e s o n a n t  
f re q u e n c y  a f t e r  which th e  re sp o n se  f a l l s  o f f  i n  acco rd an ce  w ith  s i n g l e  
d eg ree  o f  freedom th e o ry .  T h is  may be p ro v id e d  by h y d r a u l i c  damping 
i n  th e  c a t h e t e r  o r  manometer i t s e l f  o r  e l e c t r i c a l  damping in  th e  
am p lify in g  o r  r e c o r d in g  system . H y d ra u l ic  damping i s  u s u a l l y  ach iev ed  
by p la c in g  a c o n s t r i c t i o n  between th e  c a t h e t e r  and manometer w ith  a 
h y d r a u l i c  r e s i s t a n c e  much l a r g e r  . than  t h a t  o f  th e  c a t h e t e r .  T h is  s u g g e s t s  
a  v e ry  n a rrow  b o re  indeed  which w i l l  make ad eq u a te  f l u s h i n g  o f  th e  system  
ex tre m e ly  d i f f i c u l t .
I n c r e a s in g  th e  damping may in t r o d u c e  o th e r  p ro b lem s . The p h ase  la g  
o f  s i n g l e  d eg ree  manometer system s i s  o n ly  sm all  f o r  low damping ( l e s s  
th an  0 .1 )  f i g u r e  ( 118) .  Hansen (1949) recommended u se  o f  a damping 
f a c t o r  o f  0*7 f o r  f i n e  c a t h e te r s ,  s in c e  w ith  t h i s  v a lu e  th e  p h ase  la g , ,  
though l a r g e ,  i s  l i n e a r  w ith  f re q u e n c y ,  and th e  am p li tu d e  r e s p o n s e  i s  w i th in  
2% to  h a l f  th e  n a t u r a l  f r e q u e n c y .  U n fo r tu n a te ly  th e  p hase  la g  i s  o n ly  
l i n e a r  w ith  f req u en cy  f o r  v a lu e s  o f  damping v e ry  c lo s e  to  0 .7  though a 
v a lu e  o f  0 .6 4  would ex tend  th e  am p litu d e  ran g e  to  67% o f  th e  n a t u r a l  
f re q u e n c y .  U n less  a d j u s t a b l e  damping i s  p ro v id e d  t h i s  s i t u a t i o n  i s . v e r y  
d i f f i c u l t  to  ac h ie v e  and m a in ta in .  I t  i s  a l s o  d i f f i c u l t  to  m easure 
damping o f  t h i s  o r d e r .
The u se  o f  damping i n  p a r a l l e l  w ith  the  manometer i n s t e a d  o f  i n  
s e r i e s ,  though l e s s  p r e c t i c a l ,  h a s  been used  and h a s  been shown to  be 
t h e o r e t i c a l l y  s u p e r io r ,  e s p e c i a l l y  w ith  r e s p e c t  to  p hase  s h i f t  
(Van d e r  Tweel, 1957, Li e t  a l ,  1976). A f u r t h e r  p r a c t i c a l  p rob lem  i s  
t h a t  s in c e  c a t h e t e r  system s a r e  n e v e r  c o n s ta n t  th e  damping m ust be 
v a r i a b l e ,  f o r  example a  n e e d le  v a lv e ,  and a d ju s t e d  f o r  a d eq u a te  sq u a re  
wave perfo rm ance  b e fo re  each m easurem ent.
E l e c t r i c a l  damping r e q u i r e s  a  low p a s s  f i l t e r  w ith  v a r i a b l e  
p r o p e r t i e s  to  d im in ish  r e s o n a n t  e f f e c t s .  Some damping o f  t h i s  s o r t  i s  
o f t e n  in c lu d e d  in  commercial a m p l i f i e r  u n i t s .
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The second method o± c o r r e c t io n ,  r e q u i r in g  some d eg ree  o f  d i g i t a l  
co m p u ta tio n , i s  th e  c o r r e c t io n  o f  m easured s ig n a l s  by harm onic a n a ly s i s ,  
u s in g  assu m p tio n s  o r  m easurem ents o f  th e  s y s te m 's  f re q u e n c y  re sp o n s e  
(W iggers, 1928, A tt in g e r  e t  a l ,  1966 ). The fre q u e n c y  c h a r a c t e r i s t i c s  
o f  th e  system  a re  d e te rm in e d , f o r  th e  ran g e  o f  m easurem ent a c c u ra c y , 
im m ed ia te ly  p r i o r  to  m aking th e  m easu rem en ts. Assuming th e  system  i s  
l i n e a r ,  th e  m easured s ig n a l s  may th e n -b e  b roken  down in to  t h e i r  
c o n s t i tu e n t  harm onic f r e q u e n c ie s  by F o u r ie r  a n a l y s i s .  The s ig n a l  waveform 
i s  th e n  r e p re s e n te d  by a  s e r i e s  o f  s in u s o id a l  waves o f  d i f f e r e n t  
a m p litu d e s  and p h ase  r e l a t i o n s  a t  f r e q u e n c ie s  which a re  in t e g e r  m u l t ip l e s  
o f  th e  c y c l i c  freq u en cy  o f  th e  m easured s ig n a l .  In  p r a c t i c e  waves whose 
a m p litu d e s  a re  low er th a n  th e  m easurem ent acc u racy  o r  n o is e  l e v e l  a re  
th e n  d is c a rd e d .  The am p litu d e  and p h ase  o f  each  re m a in in g  s in u s o id  i s  
a d ju s te d  knowing th e  lo s s e s  a t  th e  p a r t i c u l a r  freq u en cy  from  th e  re sp o n s e  
m easured p r e v io u s ly .  The c o r re c te d  s in u s o id s  a re  th e n  recom bined  to  
g iv e  a  c o r re c te d  s ig n a l .
The v a lu e  o f  t h i s  method was in v e s t ig a te d  by K rovetz and h i s  
c o l le a g u e s  (1974) who re c o rd e d  p r e s s u r e s  u s in g  c a th e te r  t i p  and w a te r 
f i l l e d  manometer system s s im u lta n e o u s ly . They d e te rm in e d  th e  fre q u e n c y  
re sp o n se  o f  t h e i r  system s by e i t h e r  th e  f r e e  v ib r a t io n  o r  fo rc e d  
o s c i l l a t i o n  method and a p p lie d  harm onic c o r r e c t io n  to  th e  m easured  s ig n a l s .  
They th e n  compared th e  o r i g i n a l ,  c o r r e c te d  and c a th e te r  t i p  m easurem ents 
and found p oo r ag reem en t. They concluded  t h a t  th e  d iv e rg e n c e  o f  th e  
re sp o n se s  m easured in  v i t r o  and in  v iv o  l im i te d  th e  e f f e c t iv e n e s s  o f  t h i s  
te c h n iq u e  and t h a t  such c o r r e c t io n s ,  b ased  on th e  s in g le  d e g re e  o f  
freedom  model re sp o n se s  were o n ly  p a r t l y  s u c c e s s fu l  f o r  underdam ped, 
h ig h  fre q u e n c y  re sp o n se  system s and g e n e r a l ly  u n s u c c e s s fu l  f o r  low 
fre q u e n c y  re sp o n se  system s.
McDonald h a s  d em o n stra ted  th e  e r r o r s  which o ccu r when u s in g  
th e o r e t i c a l  re sp o n se s  f o r  harm onic c o r r e c t io n  (McDonald, 1974 P 1 8 3 -4 ) .
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These e r r o r s  a re  c o n s ia e ra D iy  r e a u c e a , uriougn n o t  e n tii-e x y  eixmxxictLea, 
i f  W om ersley 's c o r r e c t io n  to  th e  s in g le  d eg ree  o f  freedom  model i s  
u se d . The method r e q u i r e s  e x c e l l e n t  d a ta  r e c o rd in g ,  d i g i t a l  co m p u ta tio n , 
a l i n e a r  m easu ring  system  and a c c u ra te  knowledge o f  th e  re sp o n se  a t  th e  tim e 
o f  m e asu rin g . I t  i s  u n l ik e ly  t h a t  such a  te c h n iq u e  i s ,  a t  p r e s e n t ,  u s e f u l  
in  th e  c l i n i c a l  s i t u a t i o n  r a th e r  th a n  th e  la b o ra to r y  though r e c e n t  
p ro g re s s  in  d i g i t a l  e l e c t r o n i c s  may change t h i s  in  th e  n e a r  f u tu r e .
The t h i r d  method o f  s ig n a l  c o r r e c t io n  i s  based  on th e  tra n s m is s io n  
l i n e  model o f  th e  system  and i s  known a s  im pedance m a tch in g . R e f le c t io n s  
o f  t r a v e l l i n g  waves o ccu r a t  te rm in a t io n s  o r  d i s c o n t i n u i t i e s  in  
tr a n s m is s io n  l i n e s  u n le s s  th e  im pedance o f  th e  d i s c o n t in u i t y  m atches 
.the  c h a r a c t e r i s t i c  im pedance o f  th e  l i n e ,  when no r e f l e c t i o n s  w i l l  o c c u r .
In  t h i s  case  th e re  w i l l  be no resonance ' a t  any fre q u e n c y . I f  th e  
c h a r a c t e r i s t i c  im pedance o f  th e  c a th e te r  i s  h ig h  compared w ith  i t s  
P o i s e u i l l e  r e s i s t a n c e  th e  waves w i l l  t r a v e l  u n d is to r t e d .  T h e ir  am p litu d e  
w i l l  be d e c re a se d  depend ing  on th e  r a t i o  o f  th e  two r e s i s t a n c e s  (Van 
d e r  Tweel, 1957). Van d e r  Tweel used  a  p a r a l l e l  im pedance, a p p ro x im a te ly  
e q u a l to  th e  c h a r a c t e r i s t i c  im pedance, a t  th e  manometer end o f  th e  c a th e te r  
to  a c h ie v e  m a tch in g . With a  lo n g  tu b e  a s  th e  p a r a l l e l  im pedance he 
en co u n te red  p o s s ib le  e r r o r s  due to  f lo w  in to  t h i s  tu b e .
L atim er (1968) p r e f e r r e d  to  p la c e  h i s  m a tch ing  im pedance a t  th e  
open end o f  th e  c a th e te r  and j u s t i f i e d  t h i s  from  tr a n s m is s io n  l i n e  th e o ry .
He showed t h a t  th e  im pedance used  sh o u ld  e q u a l th e  c h a r a c t e r i s t i c  
r e s i s t a n c e  o f  th e  c a th e te r  and t h a t  i t  was low er th a n  th e  r e s i s t a n c e  
r e q u ire d  fo r  o p tim a l dam ping. He p r e d ic te d  t h a t  w ith  t h i s  te c h n iq u e  
th e re  would be no re so n an ce  a t  a l l ,  w hich o c c u rs  even w ith  th e  b e s t  
damping a d ju s tm e n ts , and no c u t  o f f  above th e  r e s o n a n t  f re q u e n c y . He 
concluded  th a t  c a th e te r/m a n o m e te r  system s were n o t  l im i t e d  by th e  
e a r l i e r  re q u ire m e n t t h a t  th e  c a th e te r  com pliance m ust be sm a ll compared 
w ith  th e  tra n s d u c e r  co m pliance . The p rob lem s g e n e r a l ly  a s s o c ia t e d  w ith  
damping system s o f  a d ju s t in g  th e  im pedance and f lu s h in g  th e  sy stem
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s t i l l  rem ained  now ever.
A sy stem , based  on t h i s  te c h n iq u e , h a s  been used  c l i n i c a l l y  and i t  
was su g g e s te d  th a t  s ig n a l s  were th e n  immune to  p a t i e n t  movement and th e  
le n g th  o f  th e  c a th e te r  ( W ilk in s  e t  a l ,  1972 ). The d isa d v a n ta g e  o f  t h i s  
te c h n iq u e  i s  t h a t  i t  i s  d i f f i c u l t  to  develop  a m atch ing  im pedance which 
i s  fre q u e n c y  dependen t in  th e  r e q u ir e d  f a s h io n ,  though i t  can u s u a l ly  be - 
a ch iev ed  f o r  a l im i te d  fre q u e n c y  r a n g e . A lthough im pedance m atch in g  i s  n o t  
r e q u ir e d  in  a v e ry  s t i f f  system  i t  w i l l  ex ten d  th e  u s a b le  ran g e  (L i 
e t  a l ,  1976).
The m ost common form  o f  c o r r e c t io n  employed in  r e c e n t  y e a r s  h a s  been 
th e  u se  o f  e l e c t r o n i c  com pensating  c i r c u i t s  o r  com plex f i l t e r s  whose 
. r o l e  i s  n o t  j u s t  to  damp o u t any re so n an ce  b u t to  r e c o n s t r u c t  w hat th e  
o r i g i n a l  s ig n a l  m igh t have b een . Noble and B a rn e t t  (1963) dev e lo p ed  
a com plex f i l t e r  to  be in c lu d e d  betw een th e  manometer and r e c o rd in g  
a p p a ra tu s .  They d e r iv e d  an ap p ro x im ate  e l e c t r i c a l  an a lo g u e  o f  th e  
c a th e te r  system  th e y  commonly used  and d e s ig n e d  a  c o r r e c t io n  n e tw o rk  to  
g iv e  am p litu d e  c o r r e c t  a t  th r e e  f r e q u e n c ie s  and a l i n e a r  p h ase  la g .  The 
f r e q u e n c ie s  chosen were z e r o ' ( f ) , re so n a n c e  ( f ^ )  and th e  fre q u e n c y  f o r  
which th e  a m p litu d e  i s  th e  sq u a re  r o o t  o f  th e  re so n a n c e  p eak  (^ rm)*
The freq u en cy  c h a r a c t e r i s t i c s  o f  th e  c a th e te r  system  were d e te rm in e d  
w ith o u t th e  c o r r e c t io n  c i r c u i t  u s in g  a s in e  wave p r e s s u r e  g e n e ra to r  
(N oble, 1959) and th re e  p a ra m e te rs  d e r iv e d ,  th e  peak  am p litu d e  a t  r e s o n a n c e , 
th e  r e s o n a n t fre q u e n c y  and th e  f re q u e n c y  £rm* From th e s e  f ig u r e s  v a lu e s  
o f  th e  v a r ia b le  com ponents in  th e  c o r r e c t io n  ne tw o rk  were d e r iv e d  by sim p le  
e q u a tio n s  o r  nomograms.
R eal tim e c o r r e c t io n  c i r c u i t s  have been  d es ig n ed  u s in g  low c o s t  
o p e r a t io n a l  a m p l i f i e r s  (M elbin and Spohr, 1969). A llow ance was made f o r  
th e  o b s e rv a tio n  th a t  f o r  some m easurem ent system s a  two d e g re e  o f  freedom  
model was more a p p ro p r ia te , th a n  th e  u s u a l  s in g le  d e g re e  m odel. The v a lu e s  
o f  th e  v a r ia b le s  in  th e  ne tw o rk s  were d e te rm in e d  f a i r l y  s im p ly  from  th e  
u s u a l  s te p  in p u t  re sp o n se  c u rv e . The o b je c t  was to  d o u b le  th e  u s e f u l
bandw idth  o f  th e  m easu rin g  system  and th e y  d em o n stra ted  t h a t  w ith
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c o r r e c t io n  ix  was p o s s iD ie  xo p ro au ce  a Dexxer sxep m pux  re sp o n se  xnan 
when u s in g  th e  manometer w ith o u t th e  c a th e te r  co n n e c te d . O th ers  
d e r iv e d  a  c a th e te r  model from  re sp o n se  m easurem ents which was n o t  a  s in g le  
d eg ree  model ( F a l s e t t i  e t  a l ,  1974). T h is  was used  to  d e s ig n  an 
ana lo g u e  com pensator f o r  u se  in  r o u t in e  c l i n i c a l  s i t u a t i o n s  to  g iv e  a  re sp o n se  
f l a t  to  85 Hz ir i th  o n ly  two a d ju s ta b le  p a ra m e te rs .  The c h a r a c t e r i s t i c s  
o f  a  p a r t i c u l a r  system  were d e te rm in ed  b e fo re  u se  and th e  com pensator s e t  
to  th e s e  v a lu e s  when m easurem ents were b e in g  made. The d is a d v a n ta g e  o f  th e se  
system s i s  t h a t  th e y  do n o t  ta k e  in to  acc o u n t changes o c c u r r in g  betw een 
d e te rm in in g  th e  re sp o n se  and th e  end o f  th e  in v e s t ig a t io n ,  which may be 
a  c o n s id e ra b le  tim e .
The u se  o f  th e  in v e rs e  t r a n s f e r  fu n c t io n  o f  a s in g le  d e g re e  o f  
freedom  model to  p roduce  an o n - l in e  com pensator was r e p o r te d  by 
D am enstein e t  a l  (1 9 7 6 ). T h is  was tuned  w ith  th e  c a th e te r  in  s i t u  by 
chang ing  th e  n a t u r a l  freq u en cy  and damping r a t i o  o f  th e  com pensator 
in d e p e n d e n tly . U n fo r tu n a te ly  t h i s  tu n in g  was v i s u a l  and would r e q u i r e  a 
sq u a re  wave in p u t  f o r  p e r f e c t  co m pensa tion .
An a tte m p t was a ls o  made to  p roduce  a c o r r e c t io n  d e v ic e  c a p a b le  o f  
r e p e a te d  a d ju s tm e n ts  w ith o u t any o p e ra to r  in t e r v e n t io n  and w ith  a  f l a t  
re sp o n se  to  a t  l e a s t  th e  r e s o n a n t  fre q u e n c y  (Brower e t  a l ,  1 9 7 5 ). I t  
d e te c te d  r e s o n a n t a r t i f a c t s  and s e t  a n o tc h  f i l t e r  a u to m a t ic a l ly .  I t  was 
cap ab le  o f  a d ju s t in g  16 d i f f e r e n t  system s once a  m in u te . At th e  tim e 
th e  d i g i t a l  equipm ent in v o lv e d  was r a t h e r  e x p en s iv e  b u t  w ith  p r e s e n t  
te ch n o lo g y  i t  may be a more a c c e p ta b le  s o lu t io n .
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C l i n i c a l  D a ta  and th e  E f f e c t  o f  D i s e a s e  Type on Impedance
M easurem ents  o f  h y d r a u l i c  i n p u t  im pedance  a t  t h e  common f e m o r a l  
a r t e r y  were made b o th  b e f o r e  and a f t e r  r e c o n s t r u c t i v e  s u r g e r y  o f  t h e  
f e m o r o - p o p l i t e a l  a r t e r i a l  segm ent i n  a t o t a l  o f  35 p a t i e n t s .  Three  
p a t i e n t s  a r e  e x c lu d e d  from  a n a l y s i s  f o r  t h e  f o l l o w i n g  r e a s o n s .
An a d d i t i o n a l  r e c o n s t r u c t i o n  o f  th e  common f e m o r a l  a r t e r y  
was p e r fo rm e d  m aking co m p a r iso n  b e tw een  p r e -  and p o s t ­
o p e r a t i v e  m easu rem en t i n v a l i d .
A t e f l o n  p r o s t h e t i c  b y p a ss  g r a f t  was u s e d .
Gas g a n g re n e  d e v e lo p e d  n e c e s s i t a t i n g  a m p u ta t io n  o f  t h e  
a f f e c t e d  l im b  so t h a t  t h e  outcome o f  t h e  r e c o n s t r u c t i o n  
co u ld  n o t  be d e te r m in e d .
Twenty f i v e  o f  th e  32 s u b j e c t s  c o n s id e r e d  had v e i n  b y p a s s  g r a f t s  and 
th e  r e s u l t s  o f  m easu rem en ts  i n  t h i s  group have  been  p r e s e n t e d  i n  C h a p te r  5.
The r e m a in in g  7 s u b j e c t s  were t r e a t e d  by e n d a r te r e c to m y  o f  t h e  s u p e r f i c i a l  
f e m o ra l  a r t e r y  and d id  n o t  r e c e i v e  a v e i n  g r a f t .  The c l i n i c a l  d a t a  c o n c e r n in g  
p a t i e n t s  a r e  p r e s e n t e d  i n  T a b le  (2 4 )  in  c h r o n o l o g i c a l  o r d e r  o f  o p e r a t i o n .
The d i s e a s e  s t a t e  was a s s e s s e d  from  s i n g l e  p l a n e  a r t e r i o g r a m s ,  
showing th e  a r t e r i a l  t r e e  from  above  th e  a o r t i c  b i f u r c a t i o n  to  t h e  a n k le  
and i s  h e r e  d e s c r i b e d  a s  one  o f  two t y p e s ,  G e n e r a l i s e d  (G) and L o c a l i s e d  (L) 
The f i r s t  ty p e  (G ),  c o r r e s p o n d s  to  t h e  common form  o f  a t h e r o s c l e r o s i s  
i n v o lv i n g  b o th  e x t e n s i v e  t h i c k e n i n g  and d i s t o r t i o n  o f  th e  a r t e r i a l  t r e e  
a s  w e l l  a s  l o c a l i s e d  b l o c k s .  The second  ty p e ,  ( L ) ,  c o r r e s p o n d s  to  th e  
form  o f  a t h e r o s c l e r o s i s  i n  which l o c a l i s e d  b lo c k s  a r e  found i n  o t h e r w i s e  
smooth and c l e a r  a r t e r i e s .  A sse ssm e n t  o f  th e  a r t e r i o g r a m s  was p e r fo rm e d  
by a c o n s u l t a n t  v a s c u l a r  s u rg e o n  w i th o u t  knowledge o f  t h e  p a t i e n t ’ s 
name, age o r  s u b s e q u e n t  p r o g r e s s .
The a s s e s s m e n t  showed t h a t ,  o f  th e  32 s u b j e c t s ,  25 had  d i s e a s e  o f  t h e  
g e n e r a l i s e d  ty p e  and 7 o f  th e  l o c a l i s e d  ty p e .  However, o f  t h e  25 s u b j e c t s  
r e c e i v i n g  v e in  g r a f t s  and p r e v i o u s l y  c o n s id e r e d  i n  d e t a i l  i n  C h a p te r  5,
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Case ( i )
Case ( i i )  
Case ( i i i )
NO. SEX AGE TYPE SYMPTOMS OPERATION OUTCOME
1 F 60 G C VG S
2 F 62 G RP VG U
3 M 70 G RP VG u
4 M 63 G C VG s
5 F 53 L c VG s
6 M 79 G c VG u
7 M 59 G c VG u
8 M 48 G c VG s
9 M 51 G c E s
10 F 55 G c VG u
11 F 69 L c E s
12 M 53 L PG E s
13 M 50 G c VG s
14 M 60 L c E s
15 F 73 G PG VG s
16 M 62 G c VG s
T ab le  (2 4 a)  C l i n i c a l  d a t a  o f  p a t i e n t s  i n  whom im pedance  
m easu rem en ts  were made bo th  b e f o r e  and a f t e r  
r e c o n s t r u c t i o n .
G -  g e n e r a l i s e d  d i s e a s e ;  L -  l o c a l i s e d  d i s e a s e  
C -  c l a u d i c a t i o n  ; RP -  r e s t  p a i n ;  PG -  p r e g a n g r e n e  
VG -  v e in  g r a f t ;  E -  e n d a r te r e c to m y  
S -  s u c c e s s f u l ;  U -  u n s u c c e s s f u l
 ^ . 3 9 2
NO. SEX AGE TYPE SYMPTOMS UPEKATIUIM u u i u u  i u
17 M 52 G C VG S
18 M 51 G C VG U
19 F 59 G c VG U
20 M 71 L RP E S
21 M 50 . G c VG S
*
22 F 36 L RP e/ vg U
23 M 64 G C E S
*
24 M 54 G PG P u
25 F 41 L C E s
26 M . 67 G C VG s
27 M 53 G c VG s
28 F 66 G c VG u
*
29 F 69 G c VG -
30 M 53 G c VG s
31 M 65 G c VG s
32 F 74 G c VG s
33 M 68 G ' RP VG s
34 M 58 G c VG u
35 M 52 L c VG s
f a b l e CM C l i n i c a l d a t a ( c o n t i n u e d )
p -  p r o s t h e s i s .  P a t i e n t s  marRea were t h o s e  o m i t t e d  
from  a n a l y s i s .
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e n a a r t e r e c t o m i e s  f i v e  had d i s e a s e  o f  th e  l o c a l i s e d  t y p e .  T h i s  s u g g e s t s  
a d e g re e  o f  s e l e c t i o n  o f  o p e r a t i o n  d e p e n d e n t  on th e  a r t e r i o g r a p h i c  
a p p e a r a n c e .
C om parison  h a s  been  made be tw een  th e  two t y p e s  o f  d i s e a s e ,  
r e g a r d l e s s  o f  t h e  r e c o n s t r u c t i o n  p e r fo rm e d ,  w i th  25 i n  t h e  f i r s t  (g )  group 
and 7 i n  th e  second  (L) g ro u p .
The s i g n i f i c a n c e  o f  d i f f e r e n c e s  i n  th e  m odulus  and p h a s e  o f  i n p u t  
im pedance  b e tw een  th e  v a r i o u s  g ro u p s  was d e te rm in e d  a t  e a c h  f r e q u e n c y  
u s in g  S t u d e n t ' s  ' t '  t e s t s .  The r e s u l t s  f o r  m odulus  a r e  p r e s e n t e d  i n  T a b le .  
(25 )*  No s i g n i f i c a n t  d i f f e r e n c e  in  p h a s e  was found  b e tw e en  any o f  th e  
g r o u p in g s  and t h e s e  r e s u l t s  a r e  n o t  p r e s e n t e d .  The r e s u l t s  may be 
sum m arised  a s  f o l l o w s .
T e s t  ( 1) B e fo re  r e c o n s t r u c t i o n  t h e r e  was a h i g h l y  s i g n i f i c a n t
d i f f e r e n c e  i n  th e  m odulus  o f  im pedance  b e tw e en  c a s e s  o f  
l o c a l i s e d  and g e n e r a l i s e d  d i s e a s e .
T e s t  ( 2) T here  was no s i g n i f i c a n t  d i f f e r e n c e  i n  th e  m odu lus  o f
im pedance  be tw een  th e  two t y p e s  m easu red  a f t e r  o p e r a t i o n .
T e s t  ( 3 )  The m odulus  o f  im pedance o f  p a t i e n t s  w i th  l o c a l i s e d  d i s e a s e  
was n o t  s i g n i f i c a n t l y  a f f e c t e d  by o p e r a t i o n .
T e s t  ( 4 ) In  p a t i e n t s  w i th  g e n e r a l i s e d  d i s e a s e  a  s i g n i f i c a n t  change  in
th e  m odulus  o f  im pedance  was p ro d u c e d  b y • r e c o n s t r u c t i v e
s u r g e r y .
S in c e  a l l  o p e r a t i o n s  on p a t i e n t s  w i th  th e  l o c a l i s e d  ( l )  ty p e  o f  
d i s e a s e  were s u c c e s s f u l ,  f u r t h e r  t e s t  r e s u l t s  a r e  p r e s e n t e d  i n  w hich  t h e  
7 i n  t h e  L group  a r e  compared w i th  16 c a s e s  i n  th e  g e n e r a l i s e d  ( g )  g roup  
who had s u c c e s s f u l  o p e r a t i o n s .  These r e s u l t s  a r e  a l s o  l i s t e d  i n  T a b le  (2 5 )
and a r e  sum m arised a s  f o l l o w s .
T e s t  (5 and 6 )  The m odulus  o f  im pedance  o f  p a t i e n t s  w i th  g e n e r a l i s e d  
d i s e a s e  h a v in g  a s u c c e s s f u l  o p e r a t i o n  i s  n o t  
s i g n i f i c a n t l y  d i f f e r e n t  to  t h a t  o f  p a t i e n t s  w i th  l o c a l
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ro* GROUP 1 GROUP 2 ’ t ’ t e s t P comment
1 Lb Gb U <: .01 s i g n i f i c a n t
2 La Ga’ U > .1 n o t  s i g n i f i c a n t
3 Lb La P > .1 n o t  s i g n i f i c a n t
4 Gb Ga P <£_ .05 s i g n i f i c a n t
5 Lb Gbs U > .0 5 n o t  s i g n i f i c a n t
6 La Gas U > .1 . n o t  s i g n i f i c a n t
T ab le  (2 5 )  Com parison o£ im pedance  o f  p a t i e n t s  w i th  l o c a l i s e d  and 
g e n e r a l i s e d  d i s e a s e ,
L -  l o c a l i s e d ;  G -  g e n e r a l i s e d  d i s e a s e  
s u b s c r i p t s  b -  b e f o r e ,  a  -  a f t e r ,  s -  s u c c e s s f u l  
U -  ’ t 1 t e s t  on u n p a i r e d  sa m p le s  
P -  ’ t ’ t e s t  on p a i r e d  sam p les  
p -  p r o b a b i l i t y
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a x s t d s e ,  m x s  d p p x i e s  d o  lti D e io re  ana a i r e r  m e  o p e r a t i o n ,  
and i s  o p p o s i t e  to  th e  r e s u l t  o f  T e s t  ( 1 )  a b o v e ,  now 
t h a t  u n s u c c e s s f u l  c a s e s  a r e  e x c lu d e d .
The e v id e n c e  o f  T a b le  ( 24) d id  n o t  s u g g e s t  t h a t  th e  d i s e a s e  ty p e  
o r  i t s  p r o g n o s i s  was r e l a t e d  t o  e i t h e r  age  o r  s e x ,  t h e r e  b e in g  no 
d i f f e r e n c e  i n  age  o r  s e x  d i s t r i b u t i o n  be tw een  s u c c e s s e s  and f a i l u r e s ,  o r  
be tw een  l o c a l i s e d  and g e n e r a l i s e d  t y p e .
Summary
The f u r t h e r  a n a l y s i s  o f  t h e  p a t i e n t s  s t u d i e d  i n t o  two t y p e s ,  l o c a l  
and g e n e r a l i s e d  d i s e a s e ,  h a s  b een  shown to  have  no e f f e c t  on th e  
c o n c lu s i o n s  a r r i v e d  a t  i n  C h a p te r  5. P a t i e n t s  w i th  l o c a l i s e d  d i s e a s e  h av e  
an i n p u t  im pedance  n o t  s i g n i f i c a n t l y  d i f f e r e n t  from n o rm a l  and b e in g  a l l  
s u c c e s s f u l  c o u ld  o n ly  p r o p e r l y  be  compared w i th  t h o s e  o f  t h e  g e n e r a l i s e d  
ty p e  t h a t  were a l s o  s u c c e s s f u l .  When t h i s  was done no s i g n i f i c a n t  
d i f f e r e n c e  i n  im pedance  was fo u n d .
P a t i e n t s  w i th  ’ l o c a l i s e d ’ ty p e  o f  d i s e a s e  a r e  l i k e l y  to  h av e  a  good 
p r o fu n d a  c i r c u l a t i o n  and an a d e q u a te  a r t e r i a l  sys tem  i n  o t h e r  a r e a s .
These  a r e  c r i t e r i a  which r e d u c e  th e  i n p u t  im pedance a t  t h e  common f e m o r a l  
a r t e r y  to  n e a r  no rm a l  v a l u e s  a n d ,  a s  p r e v i o u s l y  d e s c r i b e d ,  l e a d  to  t h e  
s u c c e s s f u l  outcome o f  th e  o p e r a t i o n .
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Undetected aorto-iliac insufficiency: a reason for early 
failure of saphenous vein bypass grafts for obstruction 
of the superficial femoral artery
D. CHARLESWORTH, P. L. HARRIS, F. D. CAVE AND LINDA TAYLOR*
SUM M ARY
A  s e r i e s  o f  2 9  f e m o r o p o p l i t e a l  b y p a s s  o p e r a t i o n s  i s  
d e s c r i b e d .  T h e  p a t i e n t s  w e r e  s e l e c t e d  c a r e f u l l y  t o  
e x c l u d e  t h o s e  w i t h  c l i n i c a l  a n d  a o r t o g r a p h i c  e v i d e n c e  o f  
a o r t o - i l i a c  d i s e a s e .  A  p u l s a t i l i t y  i n d e x  w a s  c a l c u l a t e d  
f r o m  t h e  v e l o c i t y  w a v e f o r m s  r e c o r d e d  o v e r  t h e  c o m m o n  
f e m o r a l  a n d  p o p l i t e a l  a r t e r i e s .  T h e  p u l s a t i l i t y  i n d e x  i s  
t h e  r a t i o  o f  t h e  a m p l i t u d e  o f  t h e  w a v e f o r m  t o  i t s  m e a n  
h e i g h t  o v e r  o n e  c a r d i a c  c y c l e .  T h e r e  w a s  a  h i g h l y  
s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  r e s u l t  o f  t h e  o p e r a t i o n  
b e t w e e n  p a t i e n t s  w i t h  a  p u l s a t i l i t y  i n d e x  o f  4  o r  m o r e  in  
t h e  c o m m o n  f e m o r a l  a r t e r y  a n d  p a t i e n t s  w i t h  a  p u l s a ­
t i l i t y  i n d e x  o f  l e s s  t h a n  4 .  W e  c o n c l u d e d  t h a t  c a l c u l a t i o n  
o f  t h i s  p u l s a t i l i t y  i n d e x  p r o v i d e s  u s e f u l  a d d i t i o n a l  
e v i d e n c e  w h e n  s e l e c t i n g  p a t i e n t s  s u i t a b l e  f o r  a  f e m o r o ­
p o p l i t e a l  b y p a s s .
V ar i ous  methods of reconstructing the superficial 
femoral artery have been tried in patients with chronic 
ischaemia of the lower limb and symptoms of inter­
mittent claudication or pre-gangrene. There is little 
doubt that at present a reversed saphenous vein bypass 
graft is the most effective method of reconstruction 
when the superficial femoral artery is occluded 
(Szilagyi et al., 1964; Gutelius et al., 1965; DeWeese 
et al., 1966; Baddeley et al., 1970; DeWeese and Rob, 
1971; Imperato et al., 1973; Watt et al., 1974), but 
even in the most experienced hands the operation is not 
an unqualified success. Most surgeons report that 
approximately one-third are occluded within 2 years 
of operation. When the operation is done for
c
P a ten t grafts
O ccluded grafts
1 2  3 4
Y ear
Fig. 1. H istogram  showing a group o f 25 patients who had 
a fem oropopliteal bypass and were followed up fo r 4 years. 
The num bers o f grafts which occluded in each year is shown 
as cross hatched.
pre-gangrene or gangrene the failure rate is between 50 
and 70 per cent (Tibbs, 1960; Taylor, 1962). The yearly 
failure rate in a group of our patients who had a 
femoropopliteal vein bypass and were followed up for 
4 years is shown in F i g . 1. The majority of grafts 
occlude shortly after operation and it is obvious that it 
is not progression of disease which is responsible. 
Provided that the vein exceeds 4 mm in diameter and 
the operation is performed skilfully, it is probable that 
success or failure depends upon an adequate flow of 
blood into the graft from the common femoral artery 
and an adequate outflow into the tibial vessels— 
‘run-off’. Measurement of run-off in the lower leg 
before operation has been attempted by several 
methods but the results have had little influence on the 
selection of patients for operation (Agrifoglio et al., 
1961; Lassen et al., 1964; Dahn, 1965; Strandness and 
Bell, 1965; Mundth et al., 1969; Yao et al., 1970). In 
patients with a significant pressure drop along the iliac 
arteries a reconstruction of the iliac artery performed 
in conjunction with the femoropopliteal bypass graft 
increased the chances of the graft remaining patent. 
This information was obtained by direct recording at 
the time of operation (Moore and Hall, 1971). Similar 
information can be obtained before operation from 
waveform analysis of ultrasound signals and this 
information can be obtained non-invasively. We have 
studied the velocity waveforms in a series of 29 
consecutive patients with occlusion of the superficial 
femoral artery, all of whom had a reconstruction using 
a reversed saphenous vein bypass graft.
Patients and methods
The investigation was carried out on a carefully 
selected group of patients with arteriosclerosis who 
had either symptoms of intermittent claudication of 
sufficient severity and duration to interfere seriously 
with their activities or pre-gangrene. Patients who had 
clinical evidence of aorto-iliac disease were excluded. 
The remaining patients were admitted to hospital for 
an aortogram, and X-rays were taken of the entire 
arterial tree from the aorta to the ankles. Patients with 
radiographic evidence of aorto-iliac stenosis or 
occlusion were treated by reconstruction of that 
segment and were not included in this series. Only 
patients whose arteriograms showed a complete 
occlusion of the superficial femoral artery and 
arteriographic grade 0 or 1 disease in the aorto-iliac 
segment were selected for a femoropopliteal bypass
* D epartm ent o f  Surgery, University H osp ita l o f  South 
M anchester.
567
D . Charlesworth et al.
X<J
C013cr<u
Li-
Tim e'
PI = Mean frequency
b
Fig. 2. a, Sonagram  obtained from  the com m on fem oral artery o f a healthy young m an. b, D iagram m atic representation o f 
the sonagram . The second peak in the velocity wave has been draw n below the base line to  indicate reversed flow. Pulsatility 
index is calculated from  am plitude ( /m a x - /m in) divided by m ean frequency (height).
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Table I :  R ESU LTS O F O PER A TIO N  IN  8 PA TIEN TS 
W ITH  PR E-G A N G R EN E CO M PA R ED  W ITH  T H E  
C O M M O N  FEM O R A L  PU LSA TILITY  IN D EX  (PI)
PI
> 4 < 4
N um ber o f patients
G raft pa ten t after 6 m onths
G raft occluded w ithin 6 m onths
2 6 
2 1 
0 5
Table I I :  R ESU LTS O F  O PER A TIO N  IN  29 PA TIEN TS 
C O M PA R ED  W ITH  T H E  C O M M O N  FEM O R A L 
PU LSA TILITY  IN D EX  pI
> 4  < 4
N um ber o f patients
G raft after 6 m onths
G raft occluded within 6 m onths
17 12 
15 3 
2 9
Fig. 3. Pulsatility index in the com m on fem oral artery 
o f  a  group o f 29 patients com pared w ith the early 
results o f operation.
(Harris et al., 1973, 1974). No attempt was made to 
select patients for operation on the basis of run-off. If 
the X-ray showed that the popliteal artery was patent 
the operation was considered to be technically possible.
Twenty-nine patients were studied, 23 male and 
6 female, with an average age of 58-5 years (range 
44-79 years). Twenty-one of the operations were for 
intermittent claudication and 8 were for pre-gangrene. 
Velocity waveforms were recorded from the common 
femoral, popliteal and tibial arteries of each patient 
before operation and again 6 months afterwards. The
velocity waveforms were displayed as a sonagram and 
characterized by a single figure, the pulsatility index 
( F i g . 2) (Gosling et al., 1972; Harris et al., 1974). A 
subjective assessment of the result of each operation 
was made from the patient’s symptoms. The results of 
preoperative measurements of pulsatility were com­
pared with the subsequent results of the operation. All 
the operations were carried out by the same surgeon, 
and exactly the same technique was used in every 
patient.
Results
There were 21 patients with symptoms of intermittent 
claudication. Fifteen of these patients had a pulsatility 
index of 4 or more in the common femoral artery on 
the affected side, and 6 had a pulsatility index of less 
than 4. Thirteen (87 per cent) of the 15 patients who 
had a femoral pulsatility index of 4 or more had patent 
vein bypass grafts after an interval of 1 year. Eight 
patients had pre-gangrene and only 2 of these had a 
pulsatility index greater than 4 in the common femoral 
artery on the affected side. Both of these patients had a 
patent graft at follow-up ( T a b l e  I ) .  A total of 17 
patients had a pulsatility index greater than 3-9 in the 
common femoral artery, and 15 (88 per cent) of these 
had patent vein bypass grafts at follow-up. In 12
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patients the pulsatility index in the common femoral 
artery on the affected side was less than 4, and only 3 
(25 per cent) had a patent graft at follow-up ( T a b l e  I I ,  
F i g . 3).
Preoperatively the pulsatility index in the ipsilateral 
popliteal arteries was 1-9 ± 1-0 (normal range 9-4 ± 3-5) 
and in the posterior tibial arteries it was 1-6 ±0-94 
(normal range 8-3 ±3-0). When the operation was 
successful the pulsatility index in the popliteal artery 
and posterior tibial artery increased invariably 
( F i g . 4). The mean pulsatility index in the popliteal 
artery rose from 1-9 to 6-8 (Student’s t-test, P <  0-001) 
after operation, and in the tibial artery it rose from 1*8 
to 4-9 (Student’s r-test, P <  0-001).
Discussion
The patients who were included in this study were 
selected for a vein bypass operation without reference 
to the results of the pulsatility measurements. Patients 
who had angiographic evidence of disease in the 
aorto-iliac segment were excluded from the study and 
had a reconstruction of this segment in preference to a 
femoropopliteal vein bypass graft. No attempt was 
made to select patients on the basis of assessment of 
run-off; if the popliteal artery was visible on the 
angiogram a graft was considered to be technically 
possible. We divided the patients into two groups on 
the basis of the common femoral pulsatility index. The 
lower limit of pulsatility in the common femoral artery 
is 4 in normal volunteers and we regard values of less 
than 4 to be indicative of disease in the aorto-iliac 
segment (Harris et al., 1974). Patients with angio­
graphic evidence of aorto-iliac stenosis were eliminated 
by the preoperative selection process, and consequently 
the 12 patients who had a pulsatility index of less than 
4 in the common femoral artery had disease in the iliac 
arteries, the severity of which was not apparent on the 
angiograms. In general, there is a good correlation 
between angiographic appearances and the pulsatility 
index, but velocity waveform analysis can detect 
disease which is not apparent on single-plane angio­
grams (Harris et al., 1974).
There was a highly significant difference between the 
results in the patients with a normal common femoral 
pulsatility and those with an abnormal one ( P <  0 003, 
X 2 test). A high percentage (88 per cent) of the patients 
who had claudication only and a normal pulsatility 
index in the common femoral artery had a patent graft 
after an interval of 12 months from the operation. The 
vein bypass graft occluded early in only 2 patients out 
of the 17 who had normal pulsatility indices. Both of 
these had angiographic evidence of poor run-off; in 
one none of the tibial vessels was patent, and in the 
other only one tibial artery was patent and the others 
were absent. We were unable to demonstrate any 
correlation between the pulsatility index measured in 
the popliteal artery or the posterior tibial arteries and 
the result of a vein bypass operation. The extent to 
which an arterial velocity wave is damped between the 
knee and the ankle can be assessed from the ratio of the 
pulsatility index in the popliteal artery to the pulsatility 
index in the posterior tibial arteries (Gosling et al.,
10- -1 0
Successful re c o n stru c tio n  ■ ■
Failed re c o n s tru c t io n ------------- --
Fig. 4. C om parison between the pulsatility index in the 
popliteal artery before and after operation.
1972). This value did not correlate well with the result 
of the operation and it did not prove to be a useful 
measure of run-off. The value of the pulsatility index 
at these two sites did give a good indication of whether 
a graft was patent and it provided a useful objective 
measurement when assessing patients at follow-up. 
Our results are in accord with previous clinical 
experience, in that the flow of blood into a femoro­
popliteal bypass is more important than run-off (Linton 
and Darling, 1962; Mavor, 1973; Horton, 1974).
The implication of these results is that patients 
who are selected for a femoropopliteal vein bypass 
operation on the basis of their clinical symptoms and 
angiograms should also have a pulsatility index of 
more than 3-9 in the common femoral artery in order 
to stand the best chance of success. When the pulsa­
tility index on the side of the proposed operation is 
less than 4 it is now our practice to explore the aorto- 
iliac segment. We anticipate that this will yield more 
information about the influence of this segment of the 
arterial tree on the outcome of a femoropopliteal 
bypass graft.
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The hydraulic impedance of the lower lim b: its 
relevance to the success of bypass operations for 
occlusion of the superficial femoral artery
F. D. CAVE, A. WALKER, G. P. NAYLOR AND D. CHARLESWORTH*
SUMMARY
S i m u l t a n e o u s  m e a s u r e m e n t s  o f  p r e s s u r e  a n d  f l o w  
w a v e s  w e r e  m a d e  in  t h e  c o u r s e  o f  2 5  f e m o r o p o p l i t e a l  
b y p a s s  o p e r a t i o n s .  F r o m  t h e s e  m e a s u r e m e n t s  t h e  
h y d r a u l i c  i m p e d a n c e  o f  t h e  a r t e r i a l  s y s t e m  in  t h e  l o w e r  
l i m b  w a s  c a l c u l a t e d .  T h e  v a l u e s  o b t a i n e d  w e r e  c o r r e l a t e d  
w i t h  t h e  r e s u l t s  o f  t h e  o p e r a t i o n s .  A l t h o u g h  r e c o n ­
s t r u c t i o n  r e d u c e d  t h e  i m p e d a n c e  w e  w e r e  u n a b l e  t o  
p r e d i c t  a c c u r a t e l y  t h e  p r o b a b l e  r e s u l t  o f  t h e  o p e r a t i o n  
o n  t h e  b a s i s  o f  t h e s e  m e a s u r e m e n t s .  T h e  r e s u l t s  s u g g e s t  
t h a t  s u c c e s s  i s  m o r e  c l o s e l y  r e l a t e d  t o  a  g o o d  c o l l a t e r a l  
c i r c u l a t i o n  t h a n  t o  ' r u n - o f f ' .
M a n y  previous attempts have been made to measure 
blood flow in the lower leg, but the results have had 
little influence on the selection of patients for recon­
struct iom-of the superficial femoral artery (Gaskell, 
1956; Lassen et al., 1963; Dahn, 1965; Strandness and 
Bell, 1965; Cutajar et al., 1971). When a patient has a 
superficial femoral artery occlusion the flow of blood 
through the proximal arteries is reduced and con­
sequently flow in the lower leg is limited by this rather 
than by local conditions. In these circumstances it is 
not surprising that flow measured in the lower leg 
before reconstruction cannot be related to the out­
come of a reconstruction.
The flow in the lower leg is dependent upon the 
patency of the branches of the popliteal artery and 
flow through the proximal vessels. Thus, disease of 
the arteries in the lower leg could limit flow when 
conditions in the proximal arteries have been restored 
by a vein bypass graft. Measurements of the ratio of 
pressure to flow provide more information about the 
opposition to flow than measurements of flow alone 
(Delin and Ekestrom, 1965; Terry et al., 1970). If 
pulsatile pressure and flow are studied, even more 
information becomes available (Kouchoukos, 1967). 
Measurements of this type provide values for the 
opposition of the arterial system of the limb to flow 
which are still applicable when an increase in flow is 
demanded in exercise. The opposition to pulsatile 
fluid flow is termed ‘hydraulic impedance’ and may be 
calculated from pressure and flow waves recorded 
from the same site.
F i g . 1 shows flow and pressure waves recorded from 
the common femoral artery. Complex wave forms like 
these can be broken down into a series of sine waves. 
The first sine wave (with a frequency equal to that of 
the complex wave) is called the fundamental com­
ponent, and sine waves at multiples of this frequency
are termed harmonics. This mathematical technique is 
called Fourier analysis. The resulting sine waves are 
described by three variables: frequency, height or 
modulus and the position of the wave at a given point 
in time (the phase).
The input impedance (Z) of a section of the arterial 
tree is defined as its resistance to oscillatory flow and 
may be represented by a modulus |Z| equal to the ratio 
of the modulus of pressure to the modulus of flow at 
each frequency, and an appropriate phase shift. The 
value of |Z| will be determined by the area of cross- 
section and the volume elasticity of arteries distal to 
the point at which it is measured. The more rigid and 
narrow the arterial system, the higher will be the value 
of the input impedance. The input impedance is also 
changed by the presence of reflecting sites which 
produce peaks and troughs at frequencies specific to 
individual patients.
We have studied the hydraulic impedance of the 
lower limb in the course of 25 femoropopliteal bypass 
grafts and have attempted to relate these measure­
ments to the clinical results.
Patients and methods
The patients considered were free from severe aorto- 
iliac disease as revealed by arteriograms and Doppler 
ultrasound studies (Harris et al., 1974). They were thus 
assumed to have adequate ‘in-flow’. Pulsatile pressure 
and flow recordings were made in the common 
femoral artery at operation in 25 patients before and 
after the insertion of a vein bypass graft. In 12 patients 
measurements were made with the profunda artery 
both open and clamped. Simultaneous measurements 
were made in the popliteal artery in 11 patients.
The measuring system is shown in F i g .  2 . A well- 
fitting cuff type electromagnetic flow probe was placed 
on the common femoral artery and remained in the 
same place throughout.
To measure blood flow in absolute terms it is 
necessary to calibrate the measuring system with 
the flow probe in  s i t u . This is particularly true when 
the vessel is atheromatous and the walls thickened, the 
flow therefore being non-axisymmetric (Goldman 
et al., 1963; Wyatt, 1968). The procedures necessary to 
do this are acceptable in animal experiments where 
repetition is possible and time is not critical. In 
patients undergoing reconstructive surgery, and in 
particular when the graft has been inserted, clamping
* University H ospital o f South M anchester.
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the vessels and inserting a large needle may jeopardize 
the whole operation. For these reasons it was decided 
not to calibrate flow probes in  s i t u  but to use the 
calibrations supplied by the manufacturer. The flow 
values have been derived using these figures and the 
errors involved are clinically acceptable (Dedichen, 
1974). By ensuring that the flow probe remained in the 
same position throughout an operation it was possible 
to make comparative measurements with confidence.
Pressure was recorded via a needle and fluid-filled 
catheter system connected to a strain gauge pressure 
transducer (Statham P23 Gb). The system was 
calibrated by mercury manometer and the frequency 
response determined by the transient or ‘pop’ test. Up 
to 10 Hz the amplitude response was within 7 per cent 
and the phase lag was less than 8 degrees as determined 
from tables (Gabe, 1972). The signals were recorded 
and displayed on a multi-channel pen writer and 
oscilloscope. Pressure and flow signals were sampled 
simultaneously by a signal-averaging system and 
automatically stored in a digital memory. The 
sampling rate was adjusted to give about 100 samples 
per cardiac cycle.
Sampling sweeps were triggered from the QRS 
complex of the electrocardiograph signal. The results 
of successive sweeps were added to the memory, 
thereby averaging the signals over a number of sweeps 
and eliminating random artefacts. Sixteen such sweeps 
of the incoming signals were made and satisfactory 
records transferred from the memory to magnetic 
tape.
On each occasion electrical calibration signals were 
made first. The pressure transducers were then zeroed 
by holding the needles close to the vessel concerned. 
Flow zeros were obtained by occluding the vessel 
distally. Samples of the zero signals were made and 
recorded on the tape. The occlusion was released and 
the pressure needles inserted into the vessel at a 
measured distance from the flow probes. The traces 
were observed on the oscilloscope. When stable, the 
signals were sampled by the averager and recorded as 
before. The profunda femoris artery was occluded and 
signals again sampled and recorded. The pressure 
needles were removed and zero records repeated. The 
contents of the memory could be viewed in either 
analogue or digital form on the attached display at any 
stage in this process.
Subsequently, records were recalled from the tape 
into the memory for manipulation and read-out. In 
this way the zero record was subtracted from the 
signal record to correct for zero level and any baseline 
drift. The contents of the memory were printed out and 
punched on to paper tape for analysis on a computer.
Fourier analysis to 10 harmonics of the cardiac 
cycle was performed using a small laboratory com­
puter system, since higher frequencies contribute little 
to actual pressure and flow signals (Gessner, 1972). 
The impedance modulus was derived by dividing the 
pressure modulus at each harmonic by the appropriate 
flow modulus. In order to average impedance values 
at the same frequencies for all patients, straight line 
interpolation between harmonics was assumed. The
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Fig. 1. Pressure and flow waves recorded from  the com m on 
fem oral artery.
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Fig. 2. System for recording pressure and  flow waveforms 
for im pedance studies.
values at the interpolated frequencies were used to 
calculate the arithmetic mean and standard deviations 
at the integer frequencies 2-10 Hz. In many patients 
the cardiac frequency and hence the fundamental 
harmonic were greater than 1 cycle per second (1 Hz). 
Results were therefore studied in the range 2-10 Hz.
Results
The impedance was calculated from pressure in 
mm Hg and flow in ml/min, giving impedance in 
mm Hg ml-1 min. For conversion to c.g.s. units,
1 mm Hg ml-1 min = 8 x 104 dyn s cm-5.
For M.K.S. units,
1 mm Hg ml-1 min = 8 x 10® N s m-5.
Sixteen of the 25 patients having a femoropopliteal 
vein bypass graft were symptom-free and had a patent
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Fig. 3. Inpu t impedence in the com m on fem oral artery  before
reconstruction (m e a n ± l s.d,). O O, N ine patients whose
graft occluded; X  X ,  16 patients whose graft succeeded;
• ------ • ,  4 asym ptom atic patients (norm als).
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Fig. 4. Inpu t im pedance in the com m on fem oral artery after 
reconstruction. Symbols as in Fig. 3.
vessel after an interval of 3 months. Patients in this 
group are referred to as successes. The graft occluded 
soon after the operation in 9 patients; these are 
termed failures.
The mean input impedance at specific frequencies in 
the common femoral artery before reconstruction is 
shown for each group in F i g . 3 and is compared with 
that in 4 normal patients. (These measurements were 
made in the course of a Trendelenburg operation and 
informed consent was obtained.) In the 9 patients 
whose graft occluded, the mean impedance was higher 
than normal before operation. There was a significant 
difference between the mean impedance of the 
successes and failures (unpaired Student’s /-test gives 
P <  0 05 at each frequency).
F i g . 4 shows the common femoral impedance after 
reconstruction. In the patients who had a successful 
graft the impedance after operation did not differ 
significantly from that measured before operation. The 
mean impedance of the failures fell at the lower 
frequencies, but in 7 out of the 9 failures a peak was 
seen at frequencies above 8 Hz. The position of this 
peak varied from patient to patient but it is still 
apparent on the graph of mean frequencies. Again
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Fig. 5. In p u t im pedance in the com m on fem oral artery
m easured with the profunda artery clamped. • ------ • ,  M eans
o f  all the patients before reconstruction; O O, m eans o f
9 failures after reconstruction; x  x , m eans o f  16
successes after reconstruction. T his procedure was n o t 
perform ed in  the asym ptom atic patients. The difference 
between successes and  failures is n o t significant. N o te  the 
scale change from  Figs. 3 and 4.
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Fig. 6. Inpu t im pedance in  the popliteal artery after
reconstruction. O O, M eans o f  3 failures; X  x ,
m eans o f 8 successes. Below 8 H z the difference is no t 
significant.
there was a significant difference between successes 
and failures (unpaired Student’s /-test gives P<0-05 
at each frequency).
The common femoral impedance measured with the 
profunda artery clamped is shown in F i g .  5 . The 
impedance fell dramatically from pre-reconstruction 
values in every patient but the difference after recon­
struction between the successes and failures is not 
significant (unpaired Student’s /-test gives P>0T at 
each frequency). The impedance measured in the 
popliteal artery after operation is shown in F i g . 6. 
Owing to the difficulty of measuring at this site the 
number of patients is small and the results are 
inconclusive, showing no difference between successes 
and failures at lower frequencies but differences at 
higher frequencies.
Discussion
Previous attempts to measure ‘run-off’ before recon­
structive surgery in terms of the flow of blood in the
410
Hydraulic impedance of the lower limb
lower leg have met with only limited success, and it 
has not been possible to predict accurately whether a 
bypass graft would work on the basis of any of these 
measurements. Attempts to relate intra-operative 
measurements of mean flow to the clinical result have 
produced conflicting results (Cappelen and Hall, 1967; 
Little etal., 1968; Mundthet al., 1969; Bernhard et al., 
1971; Cotton et al., 1972; Terry et al., 1972).
Flow through arteries takes place as a result of the 
transitory differential pressure produced by the pulse 
wave travelling in vessels with elastic walls. Measure­
ments of flow and pressure are thus interrelated. It is 
suggested that the resistance to pulsatile flow may be a 
more useful measurement, since if all the branches of 
the popliteal artery are severely obstructed by 
atheroma the resistance to forward flow will be high, 
and in these circumstances ‘run-off’ may be a critical 
factor in determining the clinical success of a bypass 
graft (Terry et al., 1970).
Pressure and flow wave forms have a complex 
shape with only minor variations from wave to wave, 
as shown in F i g . 1. The pressure waveform has a 
considerable steady component and a transient rise in 
systole. The normal flow waveform has a small steady 
component with a large increase in systole and low or 
even reversed flow in diastole. Disease or thrombus in 
an artery may partially obstruct it, producing marked 
changes in both the pressure and flow patterns 
(Kouchoukos, 1967; Cotton et al., 1972).
The input impedance of a section of the arterial tree 
describes the relationship between oscillatory pressure 
and flow at the proximal end of the section and is a 
parameter of the distal arterial system alone. It may be 
represented by a modulus with an appropriate phase, 
at each component frequency, derived from recordings 
of pressure and flow waveforms by Fourier analysis. 
This method has been used to calculate the input 
impedance of vascular beds in both animals and man 
(Patel et al., 1963; Gabe et al., 1964; O’Rourke and 
Taylor, 1966,1967; Mills et al., 1970; Westerhof et al.,
1973). The assumptions and limitations of this 
technique have been discussed in detail by Attinger 
et al. (1966), Westerhof and Noordergraaf (1970) and 
Gessner (1972). In the work described here the input 
impedance of the lower limb was compared with the 
clinical result of a femoropopliteal bypass graft. 
Clinical success was defined as relief of symptoms, 
whilst patency of the graft was assessed by palpation 
and by Doppler-shifted ultrasound. Patients who had 
any procedure other than a simple femoropopliteal 
vein bypass graft were excluded.
There is a significant difference between the mean 
common femoral input impedance (measured before 
reconstruction) of the patients who had a successful 
reconstruction and those whose grafts failed ( F i g . 3). 
The standard deviation is large and it is not possible to 
predict from the preoperative measurements into 
which group a patient will fall.
After reconstruction, the mean values in the group 
who had a successful reconstruction were similar to 
those measured before and differed only minimally 
from normal, as shown in F i g . 4. The common femoral
impedance in the group of patients whose grafts failed 
was reduced at low frequencies by the reconstruction, 
but in a large number a peak was apparent at higher 
frequencies. Although the difference between successes 
and failures after reconstruction was less apparent it 
was still significant. It was argued that the difference 
between these two groups might be enhanced if 
the profunda artery was clamped so that only the 
impedance of the reconstructed segment and the 
lower leg was measured. F i g . 5 shows that with 
the profunda clamped a bypass around a blocked 
superficial femoral artery lowered the common femoral 
impedance considerably, but it was no longer possible 
to distinguish successes from failures.
Reconstructions which are satisfactory in themselves 
but associated with severe disease of the profunda 
circulation are ineffective, possibly because they fail to 
restore normal haemodynamic conditions in the 
common femoral artery.
The impedance measured in the popliteal artery was 
about four times that in the common femoral, as 
shown in F i g . 6. Measurements in the popliteal artery 
failed to differentiate between successes and failures. 
The peak appearing at the higher frequencies is 
difficult to substantiate on the evidence of 3 patients, 
measurements at this site proving both difficult to 
make and inconclusive.
Conclusions
It appears that the success of saphenous vein bypass 
grafting of the superficial femoral artery is related 
more to a good collateral circulation than it is to good 
‘run-off’.
In the presence of an obstructed superficial femoral 
artery, measurement of impedance in the common 
femoral and popliteal arteries cannot be used to 
predict the outcome of a reconstructive operation.
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The effect of an infusion of low molecular weight 
dextran on peripheral resistance in patients 
with arteriosclerosis
W. V. HUMPHREYS, A. WALKER, F. D. CAVE AND D. CHARLESWORTH*
SUMMARY
L o w  m o l e c u l a r  w e i g h t  d e x t r a n  i s  f r e q u e n t l y  g i v e n  t o  
i m p r o v e  t h e  f l o w  o f  b l o o d  t o  t h e  p e r i p h e r y ,  b u t  i t s  m o d e  
o f  a c t i o n  i s  u n c e r t a i n .  W e  m e a s u r e d  t h e  e f f e c t  o f  a n  
i n f u s i o n  o f  5 0 0  m l  o f  D e x t r a n  4 0  o n  t h e  p e r i p h e r a l  
r e s i s t a n c e  in  1 2  p a t i e n t s  u n d e r g o i n g  r e c o n s t r u c t i v e  
s u r g e r y  f o r  a t h e r o s c l e r o t i c  o c c l u s i o n  o f  t h e  s u p e r f i c i a l  
f e m o r a l  a r t e r y .
A f t e r  t h e  i n f u s i o n ,  v a l u e s  o f  p a c k e d  c e l l  v o l u m e  a n d  
b l o o d  v i s c o s i t y  i n d i c a t e d  h a e m o d i l u t i o n .  T h e r e  w a s  a  
c o n s i s t e n t  i n c r e a s e  in  m e a n  f l o w  a n d  a  f a l l  in  p e r i p h e r a l  
r e s i s t a n c e .  T h e r e  w a s  n o  c o r r e l a t i o n  b e t w e e n  c h a n g e  in  
v i s c o s i t y  a n d  c h a n g e  in  p e r i p h e r a l  r e s i s t a n c e ,  b u t  t h e r e  
w a s  a  g o o d  c o r r e l a t i o n  b e t w e e n  t h e  p e r c e n t a g e  c h a n g e  
in  r e s i s t a n c e  a n d  t h e  i n i t i a l  r e s i s t a n c e .  T h i s  s u g g e s t s  
t h a t  t h e  i n c r e a s e  in  f l o w  o f  b l o o d  w a s  d u e  t o  r e f l e x  
v a s o d i l a t a t i o n  r a t h e r  t h a n  t o  a n y  r e d u c t i o n  in  v i s c o s i t y .
Low molecular weight dextran is used frequently as a 
means of increasing blood flow in patients with 
peripheral vascular disease. Whether it increases flow 
by its effect on blood viscosity or by reducing vaso­
motor tone is debatable. Peripheral resistance is said 
to fall after an infusion of low molecular weight 
dextran (Gelin and Thoren, 1961), and Dormandy
(1971) described a good correlation between increase 
in blood flow and reduction in blood viscosity. The 
latter finding implies that the increase in blood flow 
is due principally to the effect of dextran on blood 
viscosity, but if vasomotor tone is abolished, by 
administering an injection of phenoxybenzamine 
before measurements are made, haemodilution by 
Dextran 40 has no effect on blood flow (Collins and 
Ludbrook, 1966).
An infusion of low molecular weight dextran 
(Dextran 40) is frequently given during the course of 
operations on the peripheral arteries. It is thought to 
improve peripheral blood flow and hence contribute 
to the success of the operation. We have tried to 
elucidate1 the problem of its mode of action by 
measuring the effect of an infusion of 500 ml Dextran 
40 on the resistance to blood flow in an ischaemic limb. 
A group of patients having a femoropopliteal bypass 
operation for occlusion of the superficial femoral 
artery has been studied. The effect of the infusion on 
the viscosity of blood, packed cell volume and the 
mean pressure and flow in the common femoral 
artery was measured.
Patients and methods
Twelve patients were studied in the course of an 
operation to bypass the occluded superficial femoral 
artery. The patients were all anaesthetized and the 
technique of general anaesthesia was common to 
every patient. The common femoral artery was 
exposed and a well-fitting cuff electromagnetic flow 
probe (Nordic) placed around the artery. It remained 
in exactly the same position throughout the experi­
ment. The electromagnetic flow probes were pre­
calibrated i n  v i t r o ;  since they remained in the same 
place artefacts due to non-axis symmetry were 
ignored. Pressure was recorded simultaneously from 
a needle and fluid-filled catheter system connected to 
a strain gauge pressure transducer (Statham p23 Gb).
Signals from the pressure and flow transducers 
were recorded and displayed on a multichannel pen 
writer (Mingograph) and oscilloscope. Mean pressure 
and flow were calculated from the averaged values 
obtained by measurement of the traces from the 
Mingograph. The measured flows were corrected 
using standard nomograms to allow for variations in 
haematocrit which affect the sensitivity of the flow 
probe (Blendis et al., 1970; Dedichen, 1974). Peri­
pheral resistance—mean pressure divided by mean 
flow—was calculated from these values.
When the transducers were in place a 10-ml sample 
of blood was taken from the common femoral vein 
and 500 ml of Dextran 40 were infused into a peri­
pheral vein in a period of 10-15 minutes. Five 
minutes after the infusion was completed the pressure 
and flow waves were recorded again and a second 
sample of venous blood taken.
Aliquots 1 ml of the two samples of blood were 
anticoagulated with EDTA and then used to measure 
the blood viscosity. Measurements were made in a 
coaxial cylinder viscometer (Contraves Low Shear 2) 
which was capable of measuring at a wide range of 
shear rates. The asymptotic viscosity (limiting value 
at high shear rate) was calculated from a rheogram 
produced by accelerating the blood sample from zero 
to 124 s-1 over 60 seconds. The gradient of the upper 
linear part of the curve gives a measure of the asymp­
totic viscosity. For viscosity measurements at low 
shear rates the samples were sheared at 0-675 and
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Table I :  V ISCO SITY , H A EM A TO LO G IC A L AND H A EM O D Y N A M IC VALUES IN  PA TIEN TS B EFO R E DEXTRAN 
IN F U S IO N
Asym ptotic Peripheral
viscosity 0-675 s-1 0-0786 s_1 PCV Flow  Pressure resistance
Case_________(cP)____________ (cP)______________(cP)_____________(%)_________ (ml/min) (mm Hg) , (u.)
1 4-06 37-9 95-4 38-9 142-5 71-1 0-50
2 3-26 20-8 51-6 37-1 121-2 99-8 0-82
3 3-61 26-9 69-1 38-9 80-9 119-2 1-50
4 3-84 33-4 83-9 42-9 177-3 106-2 0-60
5 3-43 21-7 52-3 37-8 120-4 137-8 1-15
6 3-70 34-4 82-3 42-6 100-7 85-9 0-85
7 2-85 14-7 37-8 34-9 57-7 81-3 1-41
8 3-28 25-7 58-6 39-9 274 118 0-43
9 3-69 31-7 79-3 44-4 129-8 87-4 0-68
10 3-08 20-8 53-6 37-2 192-5 115-0 0-59
11 3-53 24-8 63-2 36-5 90-6 57-3 0-64
12 4-03 40-3 — 45-4 61-5 95-7 1-55
Table I I :  V ISCO SITY , H A EM A TO LO G IC A L AND H A EM O D Y N A M IC  VALUES IN  PA TIEN TS A FTER 
DEX TRA N  IN FU SIO N
Asym ptotic Peripheral
viscosity 0-675 s-1 0-0786 s-1 PCV Flow Pressure resistance
Case (cP) (cP)  (cP)  (%)_________ (ml/min) (mm Hg) (u.)
1 3-79 34-9 71-6 34-3 202-4 86-6 0-43
2 3-04 13-9 39-0 33-7 119-8 86-5 0-72
3 3-29 18-2 50-6 34-2 130-8 153-3 - 1-17
4 3-32 22-3 55-5 37-4 194-1 97-9 0-50
5 3-40 17-4 49-8 33-8 132-4 136-8 1-03
6 3-3 19-0 48-6 33-8 167-2 101-7 0-61
7 2-71 9-55 22-7 27-1 81-9 83-5 1-02
8 3-10 18-9 47-4 34-2 274-7 116-7 0-42
9 3-28 20-6 54-1 37-0 175-5 117-2 0-66
10 2-98 10-4 26-2 30-2 190-8 107-4 0-565
11 3-25 17-1 46-2 30-8 118-7 70-4 0-60
12 3-59 29-2 —  - 39-4 126-0 105-2 0-84
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Fig. 1. G raph  o f  the percentage change in peripheral 
resistance (m ean pressure/m ean flow) produced by an 
infusion o f D extran 40 p lo tted  against initial resistance in 
12 patients w ith peripheral vascular disease.
0-786 s-1, the maximum shear stress attained being 
used to calculate the viscosity. Aliquots of the two 
samples were used to obtain the packed cell volume 
estimated on a Coulter Counter model S analyser.
Results
After the infusion the packed cell volume decreased 
in all the patients (mean decrease 14-9 ±1-4 (s.e.) 
per cent) as did all the parameters of blood viscosity
( T a b l e s  I ,  I I ) .  The changes in blood viscosity were all 
highly significant (P<0-01, Student’s /-test).
In order to see if this change in viscosity was 
independent of the change in haematocrit the viscosity 
values were normalized to a constant haematocrit of 
45 per cent using regression equations calculated from 
40 normal people. After infusion there was no change 
in the corrected viscosity value obtained at a low rate 
of shear, but the corrected asymptotic viscosity 
increased significantly (P<0-01).
In every patient mean flow increased, the average 
increase of 33-3 ± 8-9 per cent being highly significant. 
The mean pressure change was variable; in some 
patients it remained the same and in some it increased. 
The average change in mean pressure was an increase 
of 9-2 ± 4-3 per cent. In every patient the peripheral 
resistance decreased; the mean change of 16-2±3-5 
per cent was highly significant (P < 0-005) ( T a b l e s  /, I I ) .
Discussion
The effect of the dextran infusion was to increase 
blood volume. The packed cell volume fell consistently 
and all the values of blood viscosity indicated haemo­
dilution. If the values for viscosity were corrected to a 
standard packed cell volume only the asymptotic 
viscosity increased significantly, whilst the viscosity 
at low shear rates remained the same after the 
infusion. This supports the belief that low molecular 
weight dextran reduces blood viscosity not by a 
specific effect but by haemodilution (Dormandy,
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1971). From these data it is evident that if the effect 
of haemodilution was abolished, Dextran 40 would 
actually increase blood viscosity at high shear rates, 
possibly owing to increased rigidity of the red cells.
The consistent increase in mean flow can be 
explained partly by the small increase in perfusion 
pressure, but the decrease in peripheral resistance 
cannot.
There was no correlation between the fall in 
peripheral resistance and the fall in blood viscosity at 
either high or low shear rates (high shear r  = 0-37, 
P >  0-1; low shear r  =  0 01, P >  0-1). This suggests that 
the fall in peripheral resistance is not attributable to 
the fall in viscosity.
There was a good correlation between the fractional 
change in peripheral resistance and the initial peri­
pheral resistance, the higher the initial value, the 
greater being the response to infusion ( r  = 0*75, 
PcO-Ol, Student’s r-test) ( F i g . 1).
No attempt was made to control vasomotor tone in 
these patients and there was a wide range of values 
for peripheral resistance (0-43-1-55 units). An 
infusion of low molecular weight dextran increases 
blood volume and hence central venous pressure. 
This is reported to decrease vasomotor tone by 
autonomic reflex (Roddie et al., 1957). If vasomotor 
tove is abolished by drugs, subsequent dextran 
infusion produces insignificant change in peripheral 
resistance (Collins and Ludbrook, 1966). Thus, if the 
asnomotor tone and the related peripheral resistance 
were low to start with, little change could be expected. 
Our results show the greatest response in patients who 
had a high peripheral resistance initially, the response 
being smaller in a vasodilated patient. These data 
provide further evidence to support the belief that
Dextran 40 produces an improvement in the flow of 
blood not by changing its viscosity but by producing 
reflex vasodilatation as a result of hypervolaemia.
Conclusion
Infusion of Dextran 40 increases the flow of blood 
into an ischaemic limb by reduction of peripheral 
resistance brought about by reflex vasodilatation.
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